Polymethacrylate based hybrids for bone regeneration through controlled polymerisation by Chung, Justin
1 
 
Polymethacrylate based hybrids for 
bone regeneration through 
controlled polymerisation 
 
 
 
 
Justin J. Chung 
 
 
 
 
 
 
 
 
Submitted in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy 
 
 
Department of Materials 
Imperial College London  

 3 
 
Declaration of originality 
I hereby declare that the material presented in this thesis is my own work, except 
where otherwise appropriately referenced.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright  
The copyright of this thesis rests with the author and is made available under a 
Creative Commons Attribution Non-Commercial No Derivatives licence. Researchers 
are free to copy, distribute or transmit the thesis on the condition that they attribute it, 
that they do not use it for commercial purposes and that they do not alter, transform or 
build upon it. For any reuse or redistribution, researchers must make clear to others 
the licence terms of this work. 

 5 
 
Acknowledgements  
I would like to take this opportunity to return thanks to those who have been 
involved in my education and life during PhD at Imperial College.  
I owe a great deal of thanks to Professor Julian Jones. He guided the development 
of this thesis and helped me through many difficulties. Without his intellectual 
guidance and encouragement, this thesis may not have come to an end. I also 
appreciate the insightful guidance and suggestion of Dr Theoni Georgiou. She helped 
me to understand and clarify important parts of my research. I thank Dr Gowsihan 
Poologasundarampillai, Dr Anthony Maçon, Dr Louise Connell, and Dr Siwei Li for 
their consistent support and advice on my research.  
Thanks to my colleagues who started PhD with me: Amy, Francesca, Hung-Kai, 
Maria, and Sarah. We had great times in the lab and outside of work. I hope we can 
keep in touch after PhD. Thanks to Yuki and Brian for working hard on your projects 
and producing great results. It was a great experience working with you guys, and I 
wish you all the best in your future endeavours. Thanks to Professor John Hanna and 
Josh Clark at the University of Warwick for running my solid state Nuclear Magnetic 
Resonance samples at such short notice.  
I also want to thank people from Imperial College Korean Society for the great 
support. Extra thanks must go to Dr Jin-Young Kim, Dr Jin-Sung Jung, Dr Jeong 
Kim, Dr Hyuk-Min Son, Dr Do-Yeon Kim, Dr Eun-Jung Kim, Dr Taek-Bo Kim, Dr 
Jae-Hwa Lee, Dr. Ji-Eun Lee, Boram Gu, Jae-Sik Ahn, and Yong-Ryun Kim. 
Finally, special thanks to my parents and sister. I found that their emotional 
support was one of major conditions for this academic achievement. I hope I will be 
able to return that support.  
 
  

 7 
 
Abstract 
When bone is fractured, plaster cast or metal plate is needed to hold it in a proper 
position to allow self-healing. However, when the fracture is above a critical defect 
size, bone cannot regenerate itself. Biomimetic material that can aid bone 
regeneration and acts as a temporary template would be an ideal solution. However, 
there are no biomaterials that can fulfil all the criteria as a bone substitute.  
Bioglass is one of the bioactive ceramics that can bond with host bone and 
stimulate bone regeneration, and is known to be more bioactive than other competing 
bioceramics. However, all bioactive ceramics are too brittle to be used in load bearing 
sites. Hybrids have the potential to overcome this problem because their nano-scale 
interaction of organic polymer and silica network can provide more promising 
physical properties. Particularly, past researches have introduced various copolymers 
of polymethacrylates as an organic source to take advantage of their self-hardening 
mechanical property. However, all the polymers were not well-defined to produce 
bespoke hybrids. 
In this thesis, copolymers of methyl methacrylate and 3-(trimethoxysilyl)propyl 
methacrylate were synthesised through reversible-addition fragmentation and group 
transfer polymerisation techniques to produce well-defined polymers. In addition, 
different polymer architectures of linear, randomly branched, and star were 
synthesised and introduced to class II hybrids via the sol-gel process. The hybrids 
were able outperform bioactive glass and hybrids from previous studies in terms of 
mechanical properties. In addition, bone forming cells were able to adhere and 
proliferate on the hybrids. To improve flexibility of the hybrids, n-butyl methacrylate 
based star polymer was investigated as an alternative to the copolymers of methyl 
methacrylate. Butyl methacrylate based hybrid was able to meet the mechanical 
properties of trabecular bone.   
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Bone serves as a protection to our major organs, attachment site for muscles, 
support for loading, and storage site for stem cells and minerals
1
. It is also one of the 
most commonly transplanted tissues. It is estimated that worldwide, approximately 
2.2 million bone grafting operations are practiced annually in the world
2
, of which 1.5 
million are in the United States
3
. These grafting procedures are applied to tumour 
defect recovery sites, as dental implants, spinal fusions, facial reconstructions, and 
non-union trauma bone fractures above the critical defect size.  Currently the methods 
of bone grafts are autograft, allograft, and metal implants. The autograft technique 
comprises of the removal of replacement bone from an iliac crest of the patient, and 
then implanting it to the defect site. This technique involves two costly and major 
operations, and there is a limited quantity of the replacement bone. Allograft, 
transplant from a member of the same species, is rarely used since there is a limited 
availability of the donor bone, and the risk of immune responses. Metal implant, on 
the other hand, has an advantage over the availability and it can also withstand more 
extreme mechanical loading than the other bone grafts. However, metals are bioinert 
material, which cells perceive as a foreign object, leading to a fibrous encapsulation 
and therefore a poor interface between the implant and host tissue. Micromotion can 
lead to bone resorption and implant failure. Metal implants also trigger bone 
resorption due to the stress-shielding affect
4
, where the stiff metal bears all the load 
and shields the bone, causing resorption of the bone due to lack of mechanical 
stimulus on the cells. An alternative material is required to improve the current status 
of the bone replacement procedures. A synthetic scaffold material (temporary 
template) that can fulfil the engineering requirements for bone regeneration is needed. 
An ideal bone scaffold must act as a temporary template for bone cells, to bridge 
the gap (defect) and effectively make the defect smaller. It must therefore be non-
toxic and have a surface suitable for osteoprogenitor cell attachment. There must be 
an open porous network to all cell migration, nutrient transport and tissue ingrowth. 
The scaffold should be able to withstand cyclic loading, sharing load with the host 
bone and passing mechanical signals on to the bone cells. It must slowly degrade as 
new bone grows, transferring load to the new tissue. However, there are no existing 
materials that can fulfil these criteria. Bioactive glasses can stimulate bone growth, 
but they are too brittle to share the cyclic loading. Composite materials that contain 
bioceramics and biodegradable polymers are less brittle, but they tend to lose their 
Introduction 
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mechanical properties rapidly due to differences in the degradation rates of the 
bioactive filler phase and the biodegradable polymer matrix. The phase separation can 
be overcome by designing a hybrid material. Hybrids have co-networks of organic 
and inorganic components. They can also have covalent bonds between the 
components. Therefore, in a macro-scale they perform as a one phase material.  
The first hybrid scaffolds with covalent bonds between silica and polymer 
networks and highly interconnected pores was produced by introducing functionalised 
gelatin into the sol-gel process
5
. However, batch-to-batch differences of the natural 
polymers lead to non-reproducible materials. Furthermore, the reaction between 3-
glycidoxypropyl trimethoxysilane (GPTMS), a coupling agent used to functionalise the 
gelatin, for covalent bonding, and the gelatin is difficult to control. Synthetic 
polymers are needed that can take the role of the gelatin. There have been reports on 
the synthesis of hybrids with synthetic polymers by other research groups. However, 
most of these studies show limiting properties due to using the end-capped polymers
6
, 
and employing uncontrolled conventional free-radical polymerisation technique
7,8
. 
Hybrids provide the opportunity to design and synthesise bespoke materials from the 
bottom-up and for specific applications.  
The aim was to design a new synthetic methacrylate based polymers with control 
of molecular weight, architecture, and function to test how it performs in a hybrid 
system. It is crucial to be as well-defined as possible; to have a high molecular weight 
with low dispersity, because the molecular weight not only affects mechanical 
properties
9
 but also in degradation properties
10,11
 and kidney filtration
12
.  
This thesis focused on synthesising well-defined polymethacrylates through 
controlled and living polymerisation techniques, particularly reversible-addition-
fragmentation chain-transfer (RAFT) and group transfer polymerizations (GTP). 
Then, the polymethacrylyates and silica were covalently bonded to form co-networks, 
which are also termed as class II hybrids. Poly(methyl methacrylate-co-3-
(trimethoxysilyl)propyl methacrylate) copolymers with different architectures were 
synthesised and these polymers were fabricated into hybrids via sol-gel processing. 
Enzymatically degradable branching agent was also used to synthesize the polymers 
mentioned before to design theoretically biodegradable hybrids. Also, butyl 
methacrylate based star polymer was synthesised to compare the physical properties 
to that of the methyl methacrylate based polymer hybrids.  
Introduction 
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1.1 Thesis Roadmap 
The goal of this thesis was to investigate and design a bespoke hybrid material for 
bone regeneration. The design criteria, project aim, and systematic bottom-up 
approach were developed through reviewing background and significance from past 
studies which are covered in chapter 2 and chapter 3.  
The first part of the study involved synthesising well-defined poly(methyl 
metharylate-co-3-(trimethoxysilyl)propyl methacrylate) (poly(MMA-co-TMSPMA)) 
with different polymer architectures; linear, randomly branched, and star shapes, 
through RAFT polymerisation. Then, chapter 4, these polymers were made into silica 
based hybrids to investigate the effect of polymer architecture on physical and 
biological properties of the hybrids. To improve on biodegradability of the 
polymethacrylates, potentially biodegradable randomly branched and star shaped 
poly(MMA-co-TMSPMA) were designed with an enzyme cleavable branching agent, 
and were made into hybrids in chapter 5.  
The second part of the study, chapter 6, explored possibility of producing 
poly(MMA-co-TMSPMA) through group transfer polymerisation, a facile and scaled 
up living polymerisation technique, which was the first systematic study of its kind. 
Then, in chapter 7, star shaped poly(butyl metharylate-co-3-(trimethoxysilyl)propyl 
methacrylate)-SiO2 hybrid was fabricated to compare the mechanical properties to 
that of the methyl methacrylate based hybrids.  
Finally, conclusions of the four different hybrids and proposed future work based 
on this thesis were stated in chapter 8.    
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2 Literature review   
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2.1 Bone 
Bone is one of the most important tissues in human physiology because it gives 
structural support, protects essential soft tissues and organs, produces white blood 
cells, and brings homeostasis of ion minerals. Typically two forms can distinguish 
bone. An outer dense cortical layer that provides structural support, and middle softer 
trabecular layer that has trabeculae aligned towards the mechanical force experienced 
in that region. Bone tissues are continuously regenerating to maintain skeletal 
integrity, recovering from fracture, and adapting to new environments. Osteoclasts, 
osteoblasts, and osteocytes are the three primary cell types that contribute to bone 
remodelling. Osteoclasts acidify and degrade extra cellular matrix (ECM) and 
mineral. Then, osteoblasts produce new bone matrix, while osteocytes function as 
bone maintenance and mechano-sensing
1,13
. This remodelling process can affect the 
trabecular patterns and change density of bone relative to the loading. Transfer of load 
through the bone is therefore critical. Bone consists of approximately 10% water, 
20% organic (ECM, cells, and collagen fibres), and 70% inorganic (calcium 
phosphate, salts) components
14
. It is a highly vascularised tissue with hierarchical 
structure, in order of magnitude from the macro to the nano scale as shown in Figure 
2.1. 
 
 
Figure 2.1: Hierarchical structure of bone. Adapted from Rho et al13. 
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It is believed that bone’s mechanical properties derive from a nano-composite 
structure of Type I collagen fibres and substituted hydroxyapatite (HA) minerals 
based on  Ca10(PO4)6(OH)2. The toughness, or tensile stiffness, of the collagen fibres, 
and compressive strength of the HA mineral creates synergy of mechanical properties. 
This is enhanced by the hierarchical marcopore architecture. Table 2.1 shows 
mechanical properties of the cortical and trabecular bone. 
 
Table 2.1: Mechanical properties of bone15,16. 
 
Compressive 
Strength 
Ultimate 
Tensile 
Strength 
Young’s 
Modulus 
Fracture 
toughness 
Porosity 
 (MPa) (MPa) (GPa) (MPa m
1/2
) (%) 
Cortical Bone 100-230 100 15 6.0 0 
Trabecular 
Bone 
2-12 3 1 0.1 85-90 
 
Trabecular bone is not only porous, but also has large open pores with 
interconnects that range in 100 µm that houses vascularised bone marrow, which 
contains progenitor cells (Figure 2.2)
17
.  
 
 
Figure 2.2: Porous structure of the trabecular bone. Adapted from Jones18. 
 To design biomaterials that aid bone regeneration, it is important to consider this 
complex hierarchical structure of bone; from a molecular level of collagen-HA nano-
composite to macro-porous trabecular network structure.   
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2.2 Biomaterials for bone regeneration 
Current commercially available biomaterials for bone replacement/augmentation 
are commonly bioinert implants. Cobalt chromium, and titanium alloys are corrosion 
resistant metals because of the surface oxide layer formation. However, these metal 
implants are significantly stiffer (higher Young’s modulus) than bone, which leads to 
stress-shielding; reduction in bone mass due to the bone remodelling mechanism in 
response to the new loading environment
19
. Additionally, inflammatory cell response 
to bioinert metals results in fibrous tissue encapsulation, which causes micromotion, 
bone resorption and loosening of the implants
4
.   
The aim of this research was to develop a material that regenerates, rather than 
augments, bone tissues. Therefore, it was important to mimic the properties of bone 
and for the material to biodegrade after bone regeneration
20
. An ideal material needed 
for bone regenerating scaffold should meet the following criteria
21
:  
 
 Biocompatible  
Biocompatible material must not cause cytotoxic effect or chronic 
inflammation when it is placed in our body. Metal implants can be 
considered biocompatible, however, fibrous capsule forms around them. 
For the bone regenerative or tissue engineering scaffold materials, more 
appropriate definition for biocompatibility would be: 
“The biocompatibility of a scaffold or matrix for a tissue engineering 
product refers to the ability to perform as a substrate that will support the 
appropriate cellular activity, including the facilitation of molecular and 
mechanical signalling systems, in order to optimise tissue regeneration, 
without eliciting any undesirable local or systemic responses in the 
eventual host.”22 
 Bioactive  
The scaffold materials must bond to the host tissue to prevent micromotion 
or loosening. For bone regenerating materials, osteoblast stimulation 
(osteogenic), or stem cell differentiation (osteoinductive) down a bone 
pathway is advantageous.  
 Vascularisation 
After bonding to the host tissue, blood vessel ingrowth is critical for 
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transporting oxygen and hormones for the cells. Therefore, the macro-
porous network with interconnect size of at least 100 µm is necessary. 
 Degradation 
Once the scaffold is fully vascularised, it should degrade homogeneously as 
the bone regeneration takes place. Specifically, there should be a controlled 
degradation rate to mimic osteoclast mechanism, perhaps even directed by 
osteoclast action. It is also important that the degraded by-products are 
biocompatible, and small enough (<30 kg/mol) to excrete through 
kidneys
12,23
.   
 Mechanical properties 
Unlike the metal implants that introduce stress-shielding, the scaffold 
materials should have a comparable compressive strength and stiffness 
similar to that of a trabecular bone mentioned in Table 2.1.  
 
2.2.1 Calcium phosphate ceramics 
Calcium phosphate ceramics have a similar composition to the human bone. 
Various types of synthetic HA was designed with silicon
24
, carbonate
25
, and 
strontium
26
 ion substitutes to reduce the stoichiometry and mimic the natural HA. The 
natural HA has calcium and hydroxyl deficiencies, and has silicon, carbonate and 
magnesium ion substitutes. These synthetic ceramics showed improvement in 
bioactivity via in vivo studies compared to HA
27,28
. Although, HA based ceramics 
exhibit bioactivity on their surface, they did not stimulate bone growth away from it, 
or showed osteoinductive trait. Also, the wear particles of HA has shown 
inflammation in joints
29
. Tricalcium phosphate (TCP, Ca3(PO4)2) is another calcium 
phosphate based ceramic that has been studied for bone regeneration. TCP has shown 
higher bioactivity than HA ceramics by forming quicker apatite layer formation due 
to the more rapid degradation than HA
30
. However, rapid degradation of TCP 
concerns in losing of its mechanical property while it is placed in the bone defect site, 
because total bone remodelling process can take from months to years
31
. 
2.2.2 Bioactive glass 
Professor Larry Hench developed bioactive glass in 1969, which had a significant 
impact on the biomaterials field. The Na2O-CaO-SiO2-P2O5 composition glass was 
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synthesised by melt-quenching route. 45S5 composition (45% SiO2, 24.5% Na2O, 
24.5% CaO, 6% P2O5) also known as trade mark name Bioglass®, formed a bond to 
rat’s femur so strong that a surgeon was not able to remove it without breaking the 
bone
32
. The different glass compositions and their characteristics are shown in  Figure 
2.3.  
 
 
 Figure 2.3: Glass composition diagram for bioactivity. Adapted from Hench33. 
All the glasses contain 6 wt% of phosphorus pentoxide (P2O5). Regions 1, which 
includes region 5 and 6 showed bioactive, or bone bonding, properties. Region 5 
represents the 45S5 composition, while region 6 composition showed bioactivity on 
collagenous tissues. Region 2, higher silica (SiO2) content (52-60 wt%), glasses 
showed bioinertness and fibrous capsule formation in vivo. Composition within region 
3 area was rapidly resorbing within 10-30 days
33,34
.   
The mechanism for carbonated hydroxyapatite (HCA) layer devlopement is 
attributed by dissolution of silica, calcium, phosphate, and sodium ions from the 
surface of the glass
35,34
.  
 
1. Rapid exchange of the cations (Na+, and Ca2+) within the glass network 
with H
+
 from the solution causes silanol (Si-OH) group formation. 
Si-O-(Na
+
,Ca
2+
) + H
+
 +OH
-
  Si-OH+ + (Na+, Ca2+) + OH- 
This reaction increases in local (glass surface) pH, and phosphate (PO4
3-
) is 
also released from the glass network.  
2. Increase in local pH breaks down more silica network (Si-O-Si), and 
creates more silanol group (silica-rich layer)
36
. 
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Si-O-Si + H2O  Si-(OH)4 + Si-(OH)4 
3. Ca2+ and PO4
3-
 groups from the solution migrates back to the surface of the 
glass (silica-rich layer) and forms amorphous calcium phosphate (CaO-
P2O5) layer
37
. 
4. Incorporation of OH- and CO3
2-
 from the solution form crystallisation of  
the calcium phosphate  layer which leads to HCA development
38,39,40
. 
 
The next stages of bone bonding mechanisms are less clear. Silica was shown to 
not only play a major role in glass composition and HCA formation, but also in 
upregulation of osteoblast gene expression
41,42
. The dissolution ions such as calcium, 
and silica from bioactive glass was able to stimulate human osteoblast cells
43
, produce 
ECM proteins
44,45
 and promote expression of insulin-like growth factor II (IFG-II) in 
vitro
46
. The osteoinductive property of bioactive glass gives major advantage over 
other bioceramics, because other materials need osteogenic supplements such as 
dexamethasone and  β-glycerophosphate to enhance the bioactivity18.  
There has been many studies on synthesising melt-derived bioactive glass 
scaffolds. Melt-derived glass involves melting oxides and carbonates glass particles 
by heating above their melting temperature (e.g. 1300 
o
C) and quenching into water to 
create frit. Ground frit can then be sintered. Fusion of particles requires heating over 
the glass transition (Tg) temperature but the temperature should not be raisd over the 
glass crystallisation temperature (Tc) as this will lose the amorphouse glass structure. 
The amorphous structure is important for the control of ion release and mechanism of 
bioactivity.  
Pores can be introduced by sintering the paricles around sacrificial templates,  
several methods include progen technique and freeze casting. Progen method, which 
involves polymer based sacrificial spacer such as poly(methyl methacrylate) (PMMA) 
or polyurethane, has shown difficulties in producing pore interconnectivity
47,48
. 
Freeze casting, which involves ice crystals instead of polymer spacers, has shown 
some improvements but it still had a similar problem as the progen method
49,50,51,52,53
. 
Direct foaming method produces pore network which is similar to bone, however, the 
pore size and interconnects are limited to amount of surfactant, water content, and 
agitation rate
54,55,56
. The pore network can be more specifically designed by 3-D 
printing
57,58
. The 3-D printed bioactive glass had struts thickness of 50 μm and pore 
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size of 500 μm. The strut layers were aligned so accurately that compressive strength 
was >150 MPa in the direction of the pore network. Although bioactive glass 
scaffolds can be designed to have porous structure and strength simliar to that of 
bone, they are still brittle for the sites under cylic loading. More elastic and tougher 
scaffold material is needed. Composite material of bioactive glass and polymer is an 
obvious solution. Therefore, it is important to avoid the need for sintering so polymers 
do not thermally degrade. Bioactive glass can be produced through a bottom-up 
approach of sol-gel process in a milder temperature.  
2.2.3 Sol-gel derived bioactive glass 
Bioactive glass can be fabricated through the sol-gel process. This is a chemistry 
based synthesis, where silica precursor undergoes polymer chain growth like reactions 
to assemble silica nanoparticles and then to a silica gel
59
. Tetraethyl orthosilicate 
(TEOS) is a preferred precursor due to a toxicological reasons
60
 for biomedical 
application, and it can be catalysed in acidic or basic environments. Reaction in basic 
condition shows a faster condensation rate, which forms Stöber, or dense colloidal, 
particles. On the other hand, acidic conditions form a highly ramified structure, or a 
monolith form, due to a slower condensation rate
60,61,62
. The schematically 
represented hydrolysis and condensation of a silica network precursor in acidic 
environment is shown in Figure 2.4. 
 
Hydrolysis: Si(OR)4 + nH2O  (OH)nSi(OR)4-n + nROH 
Condensation: 2Si(OH)4  (OH)3Si-O-Si(OH)3 + H2O 
 
 
Figure 2.4: Hydrolysis and condensation mechanism of the sol-gel process in acidic condition. 
For sol-gel bioactive glass synthesis, acidic catalysis is used. When the silica 
precursor is hydrolysed in a solution, the sol soon starts to form secondary particles, 
or nanoparticles with a diameter about 20 nm. Then, these particles go through more 
condensation and form a mesoporous gel, which has pores ranging from 2-50 nm
63
. 
The duration of the gelling stage can be controlled by changing pH, as shown in 
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Figure 2.5. Silica network, or gel, forming at pH 2.2 (isoelectric point) environment 
will take the longest time compared to that of H
+ 
(< pH 2) and OH
- 
(> pH 2). 
 
 
Figure 2.5: Gelation time difference by pH difference. Adapted from Iler61. 
During the ageing stage, condensation continues, the thickness of the inter-particle 
neck increases and porosity decreases. This process improves the strength of the gel. 
All the solvent is removed from the pores and shrinkage occurs in the dyring stage. 
Further heat treatment, such as stabilisation stage, fuses paticles together and removes 
surface silanols groups. Stabilisation stage is necessary for removing nitrates from 
calcium nitrate or incorporating calcium source into the glass network (Figure 2.6). A 
temperature of 450
o
C must be reached for calcium to be incorporated when the 
calcium precursor of calcium nitrate is used
63
. However, sol-gel process can be 
modified so that the conditions can be more mild and the stabilisation step can be 
omitted. 
 
 
Figure 2.6: Sol-gel process for bioactive glass synthesis. 
The main differences, or advantages, of the sol-gel bioactive glass has over the 
melt-derived bioactive glass is that, it can be synthesised at a lower temperature. Also, 
it has a inherent nanoporosity because it is formulated upon coalescence of silica 
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particles
64
. The first sol-gel derived bioactive glass was made in a ternary system of 
58S (60 mol% SiO2, 36 mol% CaO, 4 mol% P2O5) and 77S (80 mol% SiO2, 16 mol% 
CaO, 4 mol% P2O5)
65
. The nanoporosity in the sol-gel glass was able to increase the 
surface area by two fold than the melt-derived glasses, which gave a higher 
dissolution rate and bioactivity
64
, also the nanotopography surface improved the 
cellular respone
66
. In addtion, a wider bioactivity composition range of the sol-gel 
bioactive glasses, even at 90 mol% silica, was due to the higher surface area
67,62
. This 
allowed more simple binary system of 70S30C (70 mol% SiO2, 30 mol% CaO)
64
. The 
main role of Na2O in the melt-derived glasses was to act as a flux to lower the melting 
point to allow melting in conventional furnaces, which was not required in the sol-gel 
glasses. 
Since the sol-gel process does not have to heat up the glass particles up to its Tg, a 
foaming method can be used to produce porous scaffolds without causing 
crystallisation. For the foaming process, surfactant and hydrofluoric acid (HF) are 
added to the sol. HF accelerates gelation time, which enables the surfactant to produce 
hierarchical pore structure with interconnected macropores after vigorous agitation
68
. 
Surfactant concentration plays one of the major roles in controlling the final 
morphology of the scaffolds
54,55,69
. The gelation causes film rupture of the spherical 
bubbles, creating interconnects without causing collapse of the bubbles. 70S30C sol-
gel glass scaffold was synthesised with the foaming method. The scaffold had 2.5 
MPa of compressive strength, and 500 µm pores with 98 µm pore interconnects was 
succesfully produced, which fulfilled most of the criteria of a trabecular bone 
scaffold
70
. However, it is challenging to fabricate crack-free sol-gel glass in a non-
macroporous monolith form, because the dimensional change during the drying stage 
leads to a large capillary stress. Crack formation can be minimised by increasing the 
average pore size through the foaming method, because the pore structure gives more 
surface area, and shorter pathways for solvents to evaporate.  
Altough, sol-gel bioactive glass scaffolds demonstrate higher bioactivity with a 
hierarchical interconnected porous structure, they are still brittle. The compressive 
strength may be comparable to that of a trabecular bone, but they can not be used for 
the load bearing, or cyclic loading sites. 
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2.3 Composites 
Enhancing mechanical properties of the bioactive ceramics and glasses can be 
achieved by incorporating polymers to their system. The concept of making 
composites is to fabricate materials that  posses synergy of high compressive strength 
of a bioactive ceramic/glass, and the flexibility of polymers. This concept is also 
comparable to the structure of the trabecular bone which is considered to be a nano-
composite of collagen and HA. 
HAPEX, a clinically approved composite material, is a composite of HA particles 
dispersed in a high-density polyethylene (HDPE) matrix. 40 vol% of HA in the 
composite material has shown similar mechanical property to that of trabecular bone 
with a high bioactivity in vivo
71
. However, HDPE is not a biodegradable polymer, 
therefore HA had to be exposed for the cell attachement to occur.  
Biodegradable polymers have been used to fabricate bioactive glass composite 
scaffolds. Most common polymers used were polyesters, such as polylactide (PLA), 
polyglycolide (PGA), and poly(lactic-co-glycolic acid) (PLGA), which were also the 
Food and Drug Administration (FDA) approved sutures
72
. 45S5 bioglass particles 
were added to PLGA matrix
73
, and foamed poly(DL-lactide) (PDLLA)
74
. Adding 75 
wt% of 45S5 to PLGA matrix increased stiffness, two fold the PLGA value, but 
compressive strength was not improved. Adding 15 vol% of 45S5 to PDLLA foam 
also did not produce the required mechanical properties; a Young’s modulus of 1.2 
MPa and compressive strength of 0.08 MPa were achieved. The reverse technique, 
coating polymers to the bioactive glass scaffolds, has also been applied. A 90% 
porous 45S5 glass-ceramic foam was coated with PDLLA, which improved fracture 
strength of the glass while there was no improvement in the compressive strength
75
. 
Poly(3-hydroxybutyrate) (PHB), another polyesters class polymer, coated 45S5 has 
shown increase in compressive strength
76
.  
Despite mimicking the composite structure of trabecular bone, the mechanical 
properties were not significantly improved and there were also some doubts over the 
bioactivity. Precisely, polymer coatings would mask the surface of the bioactive glass. 
This would reduce their ability to bond with bone and promote osteogenic cell 
attachment. Due to a lack of bonding at the interface between components, the 
mechanical properties were less than what was theoretically achievable. Another 
major concern associates with a non-uniform biodegradation of the two components 
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in the composite materials. The potential improvement of mechanical properties 
derives from the synergy of biaoctive glass (compressive strength) and polymers 
(flexibility). However, when biodegradable polymers degrade faster than the glass, 
the scaffold material lose mechanical integrity.  
The polymers chosen for the composites were polyesters. A problem with using 
these polymers is that once they start to degrade, they degrade rapidly, losing 
mechanical properties very quickly. The carboxylic acid group from the polyester 
class polymers leads to hydrolytic chain scission, or autocatalytic degradation, where 
hydrogen ion from the group is transferred to a water molecule and reduces the local 
pH. As the local pH drops, more rapid chain scissions occur and inflammation of the 
surrounding tissues arises
77,78,79,80
. To eliminate all these limitations of the composite 
materials, it is important to consider the interaction between the two different phases.  
2.4 Hybrids  
Hybrids share a similar concept of composites, having two different components 
but they come together as a single phase material. The two different components 
within the hybrid material are co-networks with nano-scale interactions
60
. The two 
different components are indistinguishable at the microscale while possessing 
characteristics from the two. The sol-gel glass process makes it possible for hybrid 
synthesis since high temperature, which can damage organic source, is not required. 
Hybrids are produced by introducing polymers soon after the TEOS is hydrolysed. 
This allows silica network to form around the polymer, leading to a molecular 
interaction between the polymer and silica network
81
. Novak defined five types of 
hybrids, and class I and class II hybrids are applied, or relevant, to bioactive glass
60
.  
Class I hybrid is defined by the two phases having Van der Waals or hydrogen 
bond interactions. In terms of synthesising scaffolds for bone repair, polyvinyl alcohol 
(PVA) was used as a organic source, up to 30 wt%, and it was incorporated into class 
I hybrid foam with hydrolyszed TEOS
82,83
. Introducing PVA was able to give more 
elasticity to the sol-gel glass and strain to failure increased from 1 to 8%. However, 
the failure stress of the hybrid (<1 MPa) did not meet the criteria for bone scaffold. 
Class I hybrid brings similar concerns as the composite materials had. The hydrogen 
bond between the two different phases is relatively a weak bond. 
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When the two different components are linked together in a co-network structure 
via covalent bonds, then the hybrid is classified as class II hybrid. In order to fabricate 
a class II hybrid, carefully designing the organic source is essential. The organic 
source should have a alkoxysilane functional group in order to bone to a silica co-
network via -Si-O-Si- bonding. The properties of the organic source is important to 
consider for the class II hybrids. The polymer should: 
 have a functional group that can couple with the inorganic network. Or, 
polymers can be copolymerised via hydroxyl (-OH), carboxylic acid (-
COOH), amine (-NH2) nucleophilic groups with a coupling agent 
(alkoxysilane group containing monomer); 
 be soluble in a solvent that will not phase separate during the sol-gel 
process; 
 be biocompatible and biodegradable. 
Biodegradation refers to a polymer that can break down into components that are 
natural metabolites in the body. The break down of polymer chains can be by 
hydrolysis, e.g. the polyesters, or more preferably by enzyme, e.g. disulphide bond 
cleavage by peptides. The latter is preferred as it is hypothesised that biologically 
controlled degradation will lead to more preferable degradation rates, e.g. in bone 
repair osteoclasts would remove the polymer as required by the remodelling process. 
The representative scheme of a polymer-SiO2 class II hybrid is shown in Figure 
2.7. 
 
 
Figure 2.7: Concept of a polymer-SiO2 class II hybrid, where the black units represent the main polymer 
back-bone and the white units are organo-silicate coupling agent. 
Literature review 
40 
 
There have been many studies on developing organic sources for the class II 
hybrids in various applications, such as thin films, optics, and biomaterials
84
. The 
following sections will discuss advantages and disadvantages of the existing organic 
sources investigated in hybrids for bone regneration. 
2.4.1 Naturally derived polymers: bio-polymers  
When designing biomaterials and bioactive scaffolds, it is obvious to start 
investigating from the natrual sources. Also, most of the naturally derived polymers 
are biocompatible, biodegradable, and devices containing these polymers have FDA 
approval. For bone scaffolds, collagen would be a good place to start investigating. 
As described in section (2.1 Bone), bone is a composite of Type I collagen and HA. 
Collagen gives excellent mechanical properties due to its triple helix polypeptide 
chain structure. In addtion, the polypeptide chains are composed of -NH2, and -COOH 
nucleophilic groups that allow for functionalisation with an organo-silicate coupling 
agent. A porous Type I collagen-glycosaminoglycan skin scaffold was successfully 
made via freeze-drying method
85
. However, the triple helix structure of collagen made 
the polymer insoluble in water. Only low concentrations can dissolve in acetic acid, 
which makes it not suitable polymer for hybrid synthesis of high polymer content. 
Gelatin (Figure 2.8), which is a denatured or hydrolysed collagen is soluble in 
water while -NH2 and -COOH functional groups are still present. Gelatin was first 
made into hybrids by functionalising it with glycidoxypropyltrimethoxysilane 
(GPTMS)
86,87,88
. GPTMS (Figure 2.11) was initially used as both the coupling agent 
and a silica network former. The molar ratio of GPTMS within the polymer backbone 
was shown to affect the mechanical properties and the dissolution profile in 
trishydroxymethylaminomethane solution (TRIS) significantly. However, the 
drawbacks of this system was that the degree of coupling, or cross-linking, and silica 
network formation were not independently controlled. 
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Figure 2.8: Chemical structure of gelatin 
Mahony et al. was able to produce silica-gelatin hybrid by functionalising gelatin 
with GPTMS, and intorducing hydrolysed TEOS as an inorganic source
5,89
. Higher 
GPTMS molar to gelatin ratio increased the covalent coupling and compressive 
strength, while dissolution of gelatin and silica decreased. The congruent dissolution 
profile suggested that the true class II hybrid was  synthesised. Compressive strength 
of cylindrical hybrids with 60 wt% gelatin were in the range from 75 to 125 MPa, 
higher the MW of gelatin increased the compressive strength of the hybrids. The 
hybrid was also made into a 97.7% porous scaffold with a modal pore interconnect 
diameter of 360 μm through a combination of sol-gel foaming and freeze-drying 
techniques.  
Poly(γ-glutamic acid) (γPGA) is a microbial fermented poly(amino-acid) bio-
polymer, where every repeating unit contains -NH2, and -COOH functional groups
90
. 
Glutamic units are present in the structure of collagen. The salt forms of γPGA 
(Figure 2.9), sodium and calcium salts, are soluble in water while the free-acid form 
(γHPGA) is not disolvable90.  
 
 
Figure 2.9: Chemical structure of γ-glutamic acid. 
Poologasundarampillai et al. was able to dissolve γHPGA in dimethyl sulfoxide 
(DMSO) to functionalize it with GPTMS, then to synthesize hybrids
91,92
.  γPGA 
hybrid system has also shown congruent dissolution profile. The mechanical 
properties also changed according to the cross-linking density. Valliant et al. were 
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able to incorporate a calcium salt form of γCaPGA into the sol-gel process as a 
calcium source by chelating to the -COOH group. The hybrid was able to form HA on 
the surface within one week in a simulated body fluid test (SBF)
93
.  
Chitosan (Figure 2.10), a polysaccharide derived from crustacean shells, is another 
popular natural polymers used in biomedical applications due to its lysozymic 
degradability
94,95,96
. Connell et al. functionalised chitosan with GPTMS via -NH2 
group. Their study has shown that pH has an effect in the coupling reaction between 
GPTMS towards the primary -NH2 group of the chitosan
97
. The chitosan hybrid 
scaffold was fabricated by freeze-drying method, producing 140 µm pore diameter. 
SBF dissolution profiles of chitosan and silica were congruent up to 4
th
 week.  
 
 
Figure 2.10: Chemical structure of chitosan. 
Despite the advantages of the natrually derived polymers, they have innate 
shortcomings. The main drawback is a batch-to-batch difference of the individual 
polymers. Amino acid chains of gelatin are not always uniform, the fermentation 
process of PGA reproducibility is questionable, and the primary -NH2 functional 
group of chitosan to GPTMS epoxy ring opening mechanism is still in dispute. Also, 
these bio-polymers are derived from bovine, microbial, and crustacean, which 
concerns in immune response and disease transmission.  
2.4.2 Synthetic polymers 
Polyester class polymers, as mentioned in section 2.3 Composites, have also been 
introduced in the hybrid systems via functionalisation with various organo-silicate 
coupling agents shown in Figure 2.11. 
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Figure 2.11: Organo-silicate coupling agents 
Bis(3-aminopropyl)polyethylene glycol, a functionalised poly(ethylene glycol) 
(PEG) with GPTMS, was introdced to a silica network. Hybrids with 35 wt% organic 
and 65 wt% inorganic sources had a compressive strength of 20 MPa and strain to 
failure of 10%
98
.  
PDLLA was functionalised through amide bond between its carboxy group in the 
end of the chain with amino group from aminopropyltriethoxysilane (APTES). Then, 
it was fabricated to a polysiloxane hybrid with calcium carbonate. The hybrid was a 
porous membrane structure, and it was able to instigate HCA formation after three 
days in SBF immersion. The only mechanical properties reported was a picture of a 
flexibility test using tweezers
99
.  
PLGA was functionalised by end-capping the acid end-group with iso-
cyanatopropyl triethoxysilane (IPTS) to form the hybrid material. Degradability rates 
in SBF were assessed by introducing PLGA with different ratios of lactic to glycolic 
acid units. Hybrids with slower degradation rate formed HCA faster compared to the 
rapidly degrading hybrids because the acidic degradation products directly affected 
apatite forming ability. No mechanical properties of the hybrid was reported
100
.  
IPTS end-capped poly(ε-caprolactone) (PCL) diol hybrids, which contained 
calcium salt, were synthesised with different PCL MW. Lower the MW, the more 
rapidly HCA formed on the hybrids in SBF because the shorter PCL chains (≈2 
kg/mol) was probably too short and phase seperated from silica network
101
. The 
apatite forming rate and mechanical properties was depended on the PCL content in 
the hybrid system
6
. Increase of PCL in the hybrids, decreased the apatite forming rate 
while hybrid was behaving more polymer-like, or elastic, mechanical properties. 
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Also, the higher MW of PCL have shown more superior mechanical properties than 
the shorter PCL hybrids. The most promising mechanical properties achieved by the 
PCL hybrid was tensile strength of 21 MPa with Young’s modulus of 600 MPa and 
50% strain to failure.     
The polyester based class II hybrid studies for bone regeneration and their 
references according to the coupling agents are listed  in Table 2.2. 
Table 2.2: List of polyesters and their chemical structures for bone regenerative hybrid material 
application. 
Polymers Chemical structure Coupling agents 
Poly(ethylene glycol) 
(PEG)  
APTES
102
 
GPTMS
98
 
IPTS
103
 
Poly(d,l-lactic acid) 
(PDLLA) 
 
APTES
99,104
 
GPTMS
105,106
 
IPTS
107
 
Poly(lactic-co-glycolic acid) 
(PLGA) 
 
IPTS
100
 
Poly(ε-caprolactone) 
(PCL) 
 
IPTS
101,6,108,109,110,111
 
The polyester based hybrid scaffolds have shown encouraging physical properties 
for bone regeneration. Unlike polyester based composites, the hybrids were able to 
improve upon the auto-catalytic degradation.  Also, the polymers were more versatile, 
to some extent, to alter the physical properties of the hybrids compared to that of the 
natural polymers. However, they are end-capped polymers which can only be 
functionalised with the coupling agents at the end of the polymer chains. This limits 
the independent control over the MW of the polymer to the degree of cross-linking 
(covalent bonds between organic-inorganic network)
81
. To have a higher tailorability 
in the physical properties, it is important to consider altering MW of the polymers and 
the density of cross-linking seperately. 
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2.5 Acrylate based polymers for hybrids 
The major advantage of methacrylate based polymers is that the polymers can be 
synthesised through a bottom-up approach to meet the design requirements. 3-
(trimethoxysilyl)proyl methacrylate (TMSPMA) (Figure 2.12) is an organo-silicate 
coupling-agent that contains pending alkoxysilane group on one end and a 
methacrylate group on the other end. The methacrylate end allows it to form 
polymethacrylate chains, while the alkoxysilane group permits the polymer to 
covalently bond with a silica network in a hybrid. Another advantage of methacrylate 
chains over other polymers is that controlled polymerisation methods can be used to 
give good control over chain length and architecture.  
 
  
Figure 2.12: TMSPMA, a methacrylate based organo-silicate cross-linker.  
Methacrylate polymers have been investigated in various biomaterials due to their 
biocompatibility and promising mechanical properties compared to the other classes 
of synthetic polymers. PMMA, a prevalent polymer source for bone cement
112
 and 
dental resin fillers
113,114
, has been studied to enhance the bioactivity by adding 
bioactive ceramic fillers
115,116,117
 to take advantage of its self-hardening mechanical 
properties. Poly(2-hydroxyethyl methacrylate) (PHEMA) has been studied in contact 
lenses
118
, artificial cornea
119
,  and various tissue engineering scaffolds
120,121,122
 
applications, because of its water solubility and elastomer like mechanical behaviour. 
The following sections will describe functionalised PHEMA and PMMA hybrids 
designed for bone regeneration. 
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2.5.1 Poly(HEMA-co-TMSPMA) hybrids 
 
 
Figure 2.13: Poly(HEMA-co-TMSPMA). 
 Ohtsuki et al.
123
 synthesised TMSPMA functionalised PHEMA (shown in Figure 
2.13) using the conventional free-radical polymerisation with benzoylperoxide (BPO) 
as an initiator. The pending alkoxysilane group from the TMSPMA was the only 
inorganic source within the hybrid system, and calcium chloride (CaCl2) was 
introduced for enhancing its bioactivity. From this study, increasing TMSPMA 
content over 10 mol% produced cracked samples. The poly(HEMA90-co-
TMSPMA10)(99)- CaCl2(1) hybrid was able to form HCA within 1 week of SBF 
immersion. As the hybrids were dried in room temperature without any further heat 
treatment due to the thermal degradation of the organic source, CaCl2 was not fully 
incorporated into the silica network. Therefore, the calcium source probably burst 
released when the hybrid sample was immersed in SBF, which could have been the 
result of HCA detection via X-ray diffraction (XRD) just after 1 day of SBF. Their 
later studies investigated using different catalysts for hydrolysing alkoxysilane group 
to form the hybrid samples. Ammonia catalysed hybrids had tensile strengths 14 fold 
and Young’s modulus 171 fold greater than the hybrid catalysed by hydrochloric acid 
(HCl)
124
.  
Connell
125
 synthesised poly(HEMA-co-TMSPMA)-silica hybrids using different 
polymerisation techniques and investigated the effect of silica content and TMSPMA 
molar ratio.  60 wt% organic content was necessary for non-brittle mechanical 
property. Increasing TMSPMA mol% increased compressive strength while silica 
release in SBF was reduced. However, the swelling behaviour of PHEMA 
consequently made hybrids crack when submerged in water. PMMA, on the other 
hand, is more hydrophobic polymer than PHEMA, which prevents rapid swelling in 
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water. It is important to consider choosing an organic source that is stable in an 
aqueous environment for the hybrids.  
2.5.2 Poly(MMA-co-TMSPMA) hybrids 
 
 
Figure 2.14:Poly(MMA-co-TMSPMA). 
One of the earlier studies on the copolymerisation of MMA and TMSPMA (Figure 
2.14) for biomaterial applications was to improve the physical properties of PMMA 
dental resins. Wei et al.
126
 was able to synthesize the copolymer via free-radical 
polymerisation using BPO as an initiator and TEOS as a silica network precursor. The 
thermal stability of the copolymer increased as the TMSPMA mol% increased, and a 
similar trend was seen for the hybrids with higher silica content. The mol% of 
TMSPMA in the copolymer didn’t significantly affect the hardness values of the 
hybrids as hybrids with 10, 50, and 100 mol% of TMSPMA all had comparable 
values for fixed organic:inorganic ratio. Increasing silica content caused an increase 
in the hardness value.  
 Prior to investigating poly(MMA-co-TMSPMA) hybrids as bone regenerative 
scaffold materials, the copolymer was studied as a potential replacement for acrylic 
bone cements in the orthopedic related research. The goal of the researchers was to 
prevent metallic implants from loosening caused by a non-homogenous cement 
mixture, and a lack of bioactivity (bone tissue bonding) of the cement. Yang et al.
127
 
compared poly(MMA-co-TMSPMA) with addition of TCP, HEMA, and ethylene 
glycol dimethacrylate (EGDMA) to Simplex
®
-P, a surgical PMMA cement, to 
enhance mechanical properties of the cement. The poly(MMA-co-TMSPMA) 
copolymer was synthesised with a free-radical polymerisation method and there was 
72 wt% silica content in the system. The Young’s modulus and compressive strength 
Literature review 
48 
 
were improved by using the hybrid system. Introducing TCP to the hybrid increased 
the Young’s modulus and the duration of polymerisation time while HEMA and 
EGDMA had the opposite effect. Rhee et al.
128
 synthesised poly(MMA-co-
TMSPMA) with 20 mol% of TMSPMA, and the hybrids were fabricated with 80 wt% 
of silica content and 0.15 mol% of calcium nitrate tetrahydrate (CNT). The bioactivity 
of the hybrid was compared to the neat PMMA by submerging both samples in SBF 
solution. Low crystallinity HCA layer was able to form on the surface of the hybrid 
within 1 week, while the neat PMMA sample did not form any HCA layer. Their later 
study compared the bioactivities of the hybrid (with 60 wt% silica) using mouse 
calvarial osteoblast (MC3T3-E1) culture
129
. More osteoblast cells were able to attach 
on the hybrid than on the neat PMMA sample after 1 day of cell culture. Also, the cell 
differentiation measured by alkaline phosphatase activity assay after 7 and 12 days 
confirmed that the hybrid had a better cell differentiability, or proliferation, than the 
neat PMMA. Here, the calcium nitrate would have remained as calcium nitrate within 
the hybrid, as a temperature of greater than 450C is needed to get calcium ions to 
enter the silicate network. Lee et al.
7
 synthesised the poly(MMA-co-TMSPMA) 
system as the previous study, and investigated tuning mechanical properties by 
introducing different inorganic sources. They compared the conventional silica 
precursor of TEOS to dimethyldiethoxysilane (DMDES), and their hybrid system had 
30 wt% silica network. The DMDES hybrid which had Q
2
 species, connectivity of the 
silica network with silicon atom bonding to 2 other silicon atoms through bridging 
oxygen (Si-O-Si bonds), had fracture toughness and strain at failure 3 fold higher than 
the hybrid made with TEOS (Q
4
 structure, four network forming siloxane linkages). 
Despite the DMDES hybrid having slower HCA formation due to the lower silica 
release, the ductile mechanical properties showed great potential as a bone cement 
filler. These studies gave poly(MMA-co-TMSPMA)-silica hybrid not only as a 
potential bone cement, but also as a bone substitute materials.  
More recent studies on poly(MMA-co-TMSPMA)-silica hybrid were aimed at 
bone replacement or scaffold material. Ravarian et al.
8
 investigated molecular 
interaction of the TMSPMA to improve physical properties of the hybrid system. 
Different TMSPMA content in the copolymer, and inorganic source in the hybrid 
system were investigated. Hybrids with <10 mol% TMSPMA within the organic 
polymer and > 40 vol% silica phase separated. Their optimal hybrid system was 60 
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vol% of poly(MMA100-co-TMSPMA10) with 40 vol% of silica, which was then 
compared to the neat bioglass that contained calcium chloride. The hybrid had 
improved mechanical properties compared to the bioglass; Young’s modulus was 40 
fold reduced and ultimate strain was 8 fold increased. Human pre-osteoblast cells 
were found to adhere on all the samples in vitro, however, the cells showed more 
flattened, or stable, morphology on the hybrid sample. In vivo study on female mouse 
was performed with subcutaneous implantation in the subscapular region. The 10 
days histological evaluation revealed that the hybrid sample had almost no material 
defects while the neat bioglass underwent fragmentation. The hybrid sample was 
embedded within cells and blood vessel rich connective tissues, however, no cells and 
tissues penetrated into the sample due to the lack of porosity
130
.  
Previous studies on the poly(MMA-co-TMSPMA)-silica hybrids have shown 
promising physiological and biological properties for bone regenerative biomaterials. 
The results have proven that the mechanical properties can be modified and improved 
to mimic a trabecular bone. More importantly the bioactivity can also be tuned for the 
bone scaffold material. However, all the past researches did not primarily focus on the 
organic polymer part, they rather studied the macroscopic properties of the hybrid 
material. MMA:TMSPMA molar ratio was the only parameter they have studied in 
terms of polymer. All the copolymers were synthesised with conventional 
uncontrolled free-radical polymerisation technique, generating high dispersities (Đ) 
ranging from 1.77 to 2.35. Đ is a method of defining molecular weight distribution of 
polymer synthesised. Perfectly monodisperse polymer would have a Đ of 1.0 while 
non-uniform polymer’s Đ will be >1.0. Well-defined polymers have the potential to 
give a higher tailorability in both physiological and biological properties in the hybrid 
materials because MW affects entanglement of the polymers. Synthesising polymers 
with a controlled or living polymerisation technique allows control over not only on 
Đ, but also on the composition, topology, and 3-D architecture of the polymers. It is 
surprising that, in the last two decades with the development of controlled free-radical 
polymerisation techniques, there are no class II hybrids with the bespoke well-defined 
polymers. 
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2.6 Polymerisation techniques  
Conventional free-radical polymerisation (FRP) is the most commonly used 
polymerisation method because of the easy/versatile process, and wide ranges of the 
monomers are applicable to this technique. The FRP process can be divided into 
initiation, propagation, and termination stages
131
.  
Initiation stage involves creating free-radicals from an initiator. A free radical is a 
species that possess an unpaired electron, which is highly reactive and starts monomer 
additions. Free-radical production can be achieved by homolytic scissions of the 
initiators. The free-radical production can be carried out by the heat (thermolysis), 
radiation (photolysis), and Redox reactions. Most common initiators are thermolytic 
compounds, which contain peroxide (-O-O-) or azo (-N=N-) groups. The initiators 
containing these weak bonds undergo homolytic scission when heated (>50
o
C), 
creating two free-radical species. The initiators used by the previous studies in section 
2.5.2 are shown in Figure 2.15. 
 
 
Figure 2.15: Homolytic process of the thermal initiators A) benzoylperoxide (BPO), and B) 
azobisisobutyronitrile (AIBN). 
When the free-radicals are created, propagation stage proceeds by sequential 
addition of monomers. The radical, which is represented as a red dot and R, first 
reacts with the reactive C=C bond from a vinyl, or methacrylate, monomer. The 
unsaturated C=C bond, which contains 1 π bond and 1 σ bond, are particularly 
reactive to the free-radicals because the π bond tends to form more stable σ bond with 
the radicals. Then, a new radical is formed to continue the chain growth of the 
polymer as shown in Figure 2.16. 
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Figure 2.16: Initiation and propagation of PMMA. 
During the propagation stage, chain transfer reaction can occur which can end the 
chain growth of a polymer, or lead to the branching polymer structure. The chain 
transfer reactions are listed in Table 2.3 below. 
 
Table 2.3: List of chain transfer reactions during conventional free-radical polymerisation 
Chain transfer reaction Example 
Radical reacts with an 
initiator 
Induced decomposition 
of a peroxide; BPO 
Radical reinitiates 
polymerisation but with a 
terminal C=C within itself 
Intramolecular chain 
transfer of vinyl acetate; 
backbiting 
Radical reacts with a 
solvent 
Radical reacting with a 
benzylic hydrogen atom 
from toluene 
Radical reacts with 
impurities 
Radical reacting with a 
transfer agent; carbon 
bromide, chloroform, 
and dodecyl mercaptan 
 
Termination stage also leads to an irreversible death of the radical. There are two 
most common mechanisms of termination; combination of two propagating chains, 
and abstraction of a hydrogen atom from one chain to the other (disproportionation). 
The two mechanisms are shown in Figure 2.17. 
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Figure 2.17: A) Combination, and B) disproportionation mechanisms in the termination stage during 
PMMA polymerisation. 
Despite the simple and versatile process, conventional FRP leads to producing 
polymers with very broad Đ (>1.5) due to the chain transfer and termination reactions. 
In order to have a narrower molecular weight distribution, introducing a controlled 
chain transfer agent in the polymerisation process can reduce, or eliminate, the un-
planned chain transfer and termination. 
2.6.1 Reversible-Addition-Fragmentation Chain-Transfer (RAFT)  
RAFT polymerisation was first reported by Chiefari et al. in 1998
132,133
. It is one of 
the most practiced controlled radical polymerisation techniques, where the 
polymerisation process is similar to the conventional FRP. But the polymerisation is 
controlled with an addition of a dithioester chain transfer agent (RAFT agent). Figure 
2.18 shows an overall RAFT polymerisation scheme of PMMA with 2-phenyl-2-
propyl benzodithioate (CDB) as a RAFT agent. The homolytic free-radical production 
and the initial propagation stage are the same as the conventional FRP process 
(Figure 2.18 A). Sequential monomer addition occurs until the chain radicals interact 
with the RAFT agent. When the chain radical is captured by the RAFT agent the 
chain becomes dormant and the chain-transfer, or fragmentation, process occurs 
(Figure 2.18 B and C). The fragmented RAFT agent then reinitiates polymerisation 
until it is trapped by the dithioester group, also known as the addition process (Figure 
2.18 D). This successive chain-transfer, fragmentation, and addition process 
establishes equilibrium until the original RAFT agent is consumed completely. Then, 
the chain radicals undergo release and capture, otherwise known as active and 
Literature review 
 
53 
 
dormant, until their half-life is reached, adding more monomers to the chains (Figure 
2.18 E).  
 
 
Figure 2.18: RAFT polymerisation of PMMA with CDB as a RAFT agent. 
The chain-transfer rate of the RAFT agent greatly exceeds the free-radical 
production from the initiators, consequently making the addition-fragmentation and 
chain-transfer the more dominating process. This overall kinetics makes RAFT 
polymerisation have a much lower probability of producing disperse polymer chains 
compared to the conventional FRP. Therefore, RAFT is considered as one of the 
controlled radical or “quasi living” polymerisation. However, termination is still 
possible and the rate of active/dormant reaction could decrease, which leads to broad 
Đ. Polymerisation techniques that have absence of chain termination and chain 
transfer mechanisms, and an initiation coefficient rate greater than a propagation rate 
are referred to as a “living” polymerisation134,135.  
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2.6.2 Group Transfer Polymerisation (GTP) 
GTP was first reported by Webster and co-workers at DuPont
136,137,138
. It is one of 
the “living” polymerisation methods for methacrylate and acrylate based polymers, 
where the interaction of a terminal silyl ketene acetal initiator and a catalyst initiate 
polymer propagation. The GTP mechanism is shown in Figure 2.19, which 
schematically illustrates PMMA polymerisation with 1-methoxy-1-(trimethylsiloxy)-
2-methyl propene (MTS) initiator and tetrabutylammonium bibenzoate (TBABB) as a 
catalyst.    
 
 
Figure 2.19: GTP of PMMA with MTS initiator and TBABB catalyst. 
The polymerisation of PMMA is initiated by a monomeric MTS catalysed with a 
TBABB. As shown in Figure 2.19 A and B, the trimethylsilyl group is produced and 
the remaining initiator reacts with a methyl methacrylate monomer by Michael 
addition. The remaining MTS acts as a nucleophile and C=C bond from methyl 
methacrylate serves as a Michael acceptor.  The degree of polymerisation (DP); an 
average number of monomer added during the propagation stage, is controlled by the 
concentration of the initiator to monomer, whereas RAFT polymerisation is depended 
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on the concentration of monomer to RAFT agent. Therefore, in GTP, more addition 
of monomers (Figure 2.19 C) leads to increase in the MW and sequential addition of 
different monomers produces block copolymers through one-pot technique. GTP is 
terminated by active hydrogen containing compounds, thus the polymerisation must 
be performed in a completely dry condition using purified and dried monomers and 
solvents. However, the advantage of using GTP for the methacrylate based polymers 
is that the technique is performed at a room temperature. More importantly, the chain 
initiation greatly exceeds rate of chain propagation, producing essentially constant 
number of chain carriers and gives very narrow Đ in a short period of time139. 
2.7 Molecular Weight Averages 
Polymers are large molecules that are made up of smaller building blocks 
(monomers). The length of the polymer is expressed in terms of MW, which is related 
to the relative molar mass of the monomer and number of monomers present in the 
polymer. As mentioned in the previous section, there are various polymerisation 
techniques which are developed to synthesize monodisperse polymers. However, the 
synthetically made polymers always have a distribution in chain lengths. Therefore, 
the MW of the polymer has to be described with specific averages from the MWs of 
all the chains in the batch.   
2.7.1 Number average MW 
The number average MW, Mn, gives value through the statistical average MW of 
all the chains in a batch. 
 
𝑀𝑛 =
∑ 𝑁𝑖𝑀𝑖
∑ 𝑁𝑖
 
 
In this equation, Mi is the MW of a chain, and Ni is the number of the chain with 
Mi. Mn has equal numbers of molecules on either side of Mn distribution, and it can be 
predicted with the DP of a polymer. 
2.7.2 Weight average MW 
The weight average MW, Mw, considers weight of a chain in determining MW 
average. The lager the chain, the more it would contribute to Mw. 
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𝑀𝑤 =
∑ 𝑁𝑖𝑀𝑖
2
∑ 𝑁𝑖 𝑀𝑖
 
 
Mw is more sensitive to the actual molecular size than their number. There is also 
an equal weight of molecules on either side of Mw distribution.  
2.7.3 Dispersity 
A parameter used to measure the MW distribution is dispersity, Đ. This value is 
defined by the fraction of Mw and Mn of the polymer batch.  
 
Đ =
𝑀𝑤
𝑀𝑛
 
 
A perfectly monodisperse polymer would have Đ of 1, as mentioned earlier in 
section 2.5.2. For the controlled radical and living polymerisation techniques, Đ is 
expected to be lower than 1.5. 
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Considerable studies on scaffold materials for bone regeneration have progressed 
from Professor Larry Hench’s 45S5 bioactive glass to class II hybrids. Natural and 
synthetic polymer based hybrids have shown some great potential as an alternative 
scaffold material. However, more well-defined and bespoke polymer source is needed 
to maximize advantage of the synergetic behaviour that hybrid material possesses.  
The motivation of this research starts from my Master of Science research 
project
140,141,142,143
. The project was to synthesize different MWs of poly(TMSPMA) 
using a regulated free-radical polymerisation technique with 3-mercapto-1,2-
propanediol (TG) chain-transfer agent. Then, the polymers were introduced to the 
hybrid system for bone regenerative biomaterials. The molecular level interaction of 
the polymer to silica network, and biological properties of the hybrids were 
promising. However, there was not a significant improvement or differences in the 
mechanical properties due to the very high inter-penetrating density between the 
polymer and silica network. The hybrids were still brittle. Also, the Đs of the 
polymers were ranging from 2.02 to 3.86. The lack of MW control nullified the goal 
of varying the MWs of the polymers to a certain extent. 
The main goal of this research is to develop new biomaterials for bone 
regeneration, in particular, to synthesize a well-defined poly(MMA-co-TMSPMA) to 
reduce the inter-penetrating density for more flexible hybrids. This research is 
extended to introduce different 3-D polymer architectures (branched and star) to the 
hybrid system. Throughout this process, controlled radical and living polymerisations, 
specifically RAFT and GTP techniques, were applied to produce well-defined 
polymethacrylates for hybrids. The specific research objectives are to: 
 
1. Synthesize a well-defined poly(MMA-co-TMSPMA) using controlled 
radical and living polymerisation techniques; 
2. Synthesize poly(MMA-co-TMSPMA) with different 3-D polymer 
architectures; 
3. Synthesize a theoretically biodegradable poly(MMA-co-TMSPMA) for the 
kidney filtration; 
4. Incorporate these polymers into the class II hybrid system through sol-gel 
processing, and investigate how the varied parameters affect the hybrids’ 
properties; 
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5. Find another potential methacrylate based monomer to reduce the inter-
penetrating density of the hybrid system, and also to fabricate more flexible 
hybrids. 
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4 Effects of polymer architecture in sol-gel hybrids 
for bone regeneration  
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4.1 Introduction 
Bioactive glass is known to be more bioactive than other bioceramics
144,145,146,147
. 
Although bioactive glass based scaffolds were made with inter-connected pores with 
compressive strength similar to that of the bone
58,148,149
, they were still brittle for the 
sites under cyclic loading
57,148 ,150
. Organic-inorganic class II hybrids are investigated 
in numerous fields due to their synergetic properties of the two different components 
while acting as a single phase materials
18,151,152,153
. Naturally derived polymers have 
been introduced as an organic source
5,92,97
, however, their organo-silicate coupling 
agent, GPTMS, mechanism and viability is still in dispute. 
Poly(MMA-co-TMSPMA)-SiO2 hybrids have been investigated in bone 
regenerating biomaterials because of their promising mechanical properties and 
bioactivities
7,8,128,129,130,154
. These studies explored in molecular interaction between 
the polymers to the SiO2 network, bioactivities, and mechanical properties. However, 
the researches were focused more on the macroscopic properties of the hybrids. 
TMSPMA content was the only variables within the polymer source, and the 
copolymers were synthesised with the conventional free-radical polymerisation 
technique which gave high Đs of 1.77~2.35.  
The macroscopic properties can be tailored by introducing well-defined polymers. 
The polymer morphology and architecture are known to affect the drug and gene 
delivery systems as well as the nanoparticle formation
155,156,157,158
. However, to the 
best of our knowledge there has not been a study on the well-defined polymer based 
organic-inorganic class II hybrids. 
In this study, poly(MMA-co-TMSPMA) of different polymer architectures (linear, 
randomly branched, and star) were synthesised using RAFT polymerisation, and they 
were introduced in the class II hybrid system via sol-gel process. EGDMA, a 
difunctional methacrylate monomer, was used as a branching agent for the randomly 
branched and star polymer architectures. The MW (60 kg/mol), TMSPMA content 
(0.1 to MMA in molar ratio), and organic-inorganic hybrid composition (70 wt% 
polymer and 30 wt% silica) were kept constant to have comparable hybrid samples.  
  
Effects of polymer architecture in sol-gel hybrids for bone regeneration 
 
63 
 
4.2 Methods 
4.2.1 Materials 
MMA (99%), TMSPMA (98%), EGDMA (98%), CDB (RAFT agent, 99%), AIBN 
(initiator, 98%), 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH, free radical inhibitor, 
99%), calcium hydride (CaH2, 95%), silica gel (60 Å, 70-230 mesh), basic alumina 
(Al2O3, 95%), n-hexane (95%), toluene (polymerisation solvent, 99%), 
tetrahydrofuran (THF, analytical and HPLC grade, 99.9%), deuterated chloroform 
(CDCl3, 99.8%), tetraethyl orthossilcate (TEOS, 98%), and 1M HCl were purchased 
from Sigma-Aldrich UK.  
Prior to the polymerisation, MMA and EGDMA were passed through basic 
alumina columns to remove inhibitors and acidic impurities. TMSPMA was passed 
through neutral alumina to prevent its alkoxysilane group hydrolysing. Then, they 
were stirred over CaH2 for 1 h to neutralize traces of moisture in the presence of 
DPPH. Finally, all the monomers were vacuum distilled prior to the polymerisation. 
AIBN was recrystallised in ethanol. Toluene was dried in the presence of silica gel, 
which was heated up to 250
o
C for 4 h prior to the use. All the glassware were dried 
over night at 120
o
C and assembled hot under dynamic vacuum before use.  
 
4.2.2 Linear & randomly branched polymer synthesis 
Linear and randomly branched poly(MMA-co-TMSPMA) were synthesised by 
one-pot RAFT polymerisation method (Figure 4.1, top and bottom). For the linear 
poly(MMA480-co-TMSPMA48) synthesis the target MW was 60 kg/mol. A Schlenk 
tube was loaded with AIBN (0.04 mmol, 5.00 mg), CDB (0.07 mmol, 0.02 ml), MMA 
(0.07 mol, 7.16 ml), TMSPMA (6.72 mmol, 1.60 ml), and toluene as a solvent. The 
components of the Schlenk tube were subsequently degassed three times by freeze-
vacuum-thaw cycle under argon atmosphere, and were heated in an oil bath to 70
o
C to 
initiate the polymerisation. The polymerisation was terminated at 50% conversion. 
Then, the copolymer was precipitated in n-hexane in order to remove unreacted 
monomers. Randomly branched poly(MMA480-co-TMSPMA48) synthesis was also 
one-pot RAFT synthesis similar to that of the ‘linear polymer’ synthesis, apart from 
introducing EGDMA in the molar ratio of MMA:EGDMA 100:0.7. 
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Figure 4.1: RAFT polymerisation of linear and randomly branched poly(MMA-co-TMSPMA). 
4.2.3 Star polymer synthesis 
The star polymer was synthesised by an “arm-first” approach using RAFT 
polymerisation. The arm, or the macro RAFT, of the star polymer was of similar 
composition and as the previously synthesised linear poly(MMA-co-TMSPMA) but 
of lower MW of 15 kg/mol. The Schlenk tube was loaded with AIBN (0.13 mmol, 
0.02 g), CDB (0.25 mmol, 0.06 ml), MMA (0.06 mol, 6.50 ml), TMSPMA (6.0 
mmol, 1.45 ml), and toluene as a solvent. The polymerisation was terminated at 50% 
conversion. After the macro RAFT was synthesised, it was purified by precipitation in 
n-hexane. Then the macro RAFT was re-dissolved in a dry toluene and added in a 
Schlenk tube along with AIBN and the EGDMA cross-linker. The molar ratios used 
were Macro RAFT:EGDMA:AIBN 8:1:0.3. The contents were degassed three times 
by freeze-vacuum-thaw cycle under argon atmosphere, and were heated in an oil bath 
to 70
o
C. The polymerisation was kept for 24 h. Then, the star polymer was 
precipitated in n-hexane and ethanol. The precipitation was repeated 3 times in order 
for the unreacted arms to be removed. The polymerisation process is schematically 
illustrated in Figure 4.2. 
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Figure 4.2: Star poly(MMA-co-TMSPMA) synthesis via arm-first approach. 
4.2.4 Hybrid synthesis 
After the copolymers from section 4.2.2 and 4.2.3 were purified, toluene was 
removed using a rotary evaporator under vacuum. It is important to point out that the 
TMSPMA containing polymers were not precipitated in hexane like most 
polymethacrylate polymers because the trimethoxysilyl groups tend to crosslink. So 
the polymers were purified with solvent exchange (hexane-THF) and then were stored 
in THF (pot 1). In pot 2, TEOS was hydrolysed in the molar ratio of TEOS:water:HCl 
of 1:3.7:0.01. The amount of TEOS added was as such so the overall wt% of the 
hybrid would have 70 wt% organic and 30 wt% inorganic. When TEOS was fully 
hydrolysed, pot 1 was poured into pot 2 and the mixture was stirred for 1 h at a room 
temperature. The mixture was then poured into a polytetrafuloroethylene (PTFE) 
mould, and then it was sealed with another PTFE container. The container was placed 
in 40
o
C oven to gel/age for 3 weeks and 60
o
C oven to dry for 10 days. The procedure 
is schematically illustrated in Figure 4.3. Four hybrid monolith samples of each 
composition were synthesised with dimension of height (10.26±1.23 mm), and 
diameter (8.63±0.57 mm). 
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Figure 4.3: Organic-inorganic class II hybrid synthesis. 
4.2.5 Polymer characterisation 
4.2.5.1 Nuclear Magnetic Resonance (NMR)  
NMR is a useful method to determine chemical structure of molecules by 
measuring spin experienced by the nuclei when they are exposed to a magnetic field. 
The nuclei are electrically charged and have different spins depending on the energy 
level of the magnetic field. Hence, when they are exposed to an external magnetic 
field, an energy transfer occurs between the lower to a higher energy level; parallel 
and antiparallel spins to the magnetic field respectively. This energy transfer is 
attained in a wavelength that corresponds to a radio frequency, and the same 
frequency is emitted when the spin returns to its lower energy level. The frequency, or 
an energy gap, experienced by the nuclei can be affected by an electron density 
shielding (surrounding atoms, bonds, and electronegative species) which leads to 
chemical shifts. Chemical shifts are measured in parts per million (PPM), and this 
measurement is normalized by the magnetic field
159
. 
Monomer to polymer conversion rate and the polymer composition were 
determined using proton Nuclear Magnetic Resonance (
1
H-NMR) spectroscopy. This 
was performed in deuterated CDCl3 using a 400 MHz Avance Bruker NMR 
spectrometer. Trioxane was loaded to the Schlenk tube prior to the polymerisation and 
was used as an internal standard to determine the monomer to polymer conversion. 
Specifically, trioxane peak at 5.1 ppm was compared to the unreacted methacrylate 
peak at 5.5 ppm. The polymer composition of the final copolymers was calculated 
using the MMA methoxy group and the TMSPMA methylene group next to the 
alkoxysilane group. 
4.2.5.2 Gel Permeation Chromatography (GPC) 
GPC is the most common method used to determine average MWs and Đs of 
polymers. It is a chromatographic technique that separates the molecules based on 
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their size, which is also referred to as Size Exclusion Chromatography (SEC). A 
typical GPC system is divided into the injection system, column, and detectors. A 
polymer sample is first prepared as a dilute solution in an eluent. Then, it is pumped 
through the column, which is packed with porous beads that have controlled porosity 
and size. Higher MW polymers, or large hydrodynamic radius polymers, are not able 
to permeate through the pores and have shorter residence time in the column, while 
lower MW polymers are delayed by going through the pores of the beads and thus 
have longer residence time. The most widely used detector is a differential 
refractometer, which measures the difference in refractive index between eluent and 
the sample. Other GPC detectors are, viscometer and light scattering, more sensitive 
to MW. Viscometer, when used in line with the refractometer, determines intrinsic 
viscosity which allows measuring more accurate MW and polymer branching. Light 
scattering detector also allows more accurate MW detection by measuring incident 
beam light that was scattered by samples in the eluent. The triple detection system, all 
three detectors combined, gives more accurate information on the samples
160
. A 
representative GPC system is shown in Figure 4.4. Unfortunately, only the 
refractometer was available for the course of this study.  
 
 
Figure 4.4: GPC system. Adapted from Sitharaman160. 
The average MWs and Đs for all the polymers and their precursors were 
determined by GPC. An Agilent, SECcurity GPC system, with a Polymer Standard 
Service SDV analytical linear M column (SDA083005LIM) was used. All the 
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copolymers were dissolved in THF and were filtered through a 0.45μm PTFE syringe 
filters. The GPC eluent was THF, which was pumped with a flow rate of 1ml/min by 
‘1260 Iso’ isocratic pump. Agilent 1260 RID detector was used to measure the 
refractive index signal. The calibration curve was based on PMMA standards with 
MWs of 2, 4, 8, 20, 50, 100 kg/mol. 
 
4.2.6 Hybrid characterisation 
4.2.6.1 Fourier Transform Infrared Spectroscopy (FTIR) 
Infrared radiation includes wavelength of electromagnetic radiation from visible to 
microwave region. FTIR uses mid-infrared wavelength of 400 to 4000 cm
-1
, which 
gives information on alteration in fundamental vibration of molecules. In FTIR, 
infrared radiation is passed through a sample, and the radiation is either absorbed or 
transmitted. A Fourier transform is applied to the detector to produce spectra 
corresponding to the amount of light absorbed at each wavelength. The molecular 
vibration is only measured when there are covalent bonds with dipole moments, and 
the mode of vibration (bending, stretching, etc.) is depended on the specific bonds
161
. 
The functional groups of the copolymers and hybrids were analysed by FTIR 
(Nicolet iS10, Thermo Scientific) with an attenuated total reflectance module. 32 
scans were averaged to yield 4 cm
-1
 resolution.  
4.2.6.2 Compression Test 
The mechanical properties of the hybrids were investigated by uniaxial 
compression test. The hybrid samples were produced in a cylindrical monolith shapes 
with height/diameter >1 following ISO 640:2003 standard. The sample ends were 
ground down with sand paper until they were flat and parallel. The compression 
testing was performed using Zwick 1474 instrument with a compression speed of 0.1 
mm/minutes, and 10 kN load cell. Force applied with a function of compression plate 
distance moved was measured. From these values stress and strain curve was plotted 
with the following equations: 
 
𝑆𝑡𝑟𝑎𝑖𝑛, 𝜀 =
∆ℎ
ℎ
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𝑆𝑡𝑟𝑒𝑠𝑠, 𝜎 =
𝐹
ℎ𝜋𝑟2
 
 
Where ℎ is the height of the sample, ∆ℎ is the distance moved by the compression 
plate, 𝐹 is the force applied, and 𝑟 is the radius of the sample. Modulus of toughness 
was calculated by measuring area underneath the stress-strain curve. 
4.2.6.3 Thermogravimetric Analysis (TGA) 
To measure the organic to inorganic ratio of the hybrid materials, TGA analysis 
was used. A sensitive balance in the TGA apparatus can measure the change in mass 
as the function of temperature (thermal degradation). TGA was performed with 
NETZSCH STA 449C. The hybrid samples were ground down to a fine powder and 
were placed in a platinum crucible. The samples were heated up to 800
o
C at 10
o
C/min 
in continuously flowing air. 
4.2.6.4 29Si Magic Angle Spinning-Solid State NMR 
Solid state NMR shares a similar principle as the 
1
H-NMR, which was described in 
the previous section (4.2.5.1). The most naturally abundant silicon isotope (
29
Si) has a 
full spin, and spins of the solid state samples experience significant interactions to the 
point where liquid NMR cannot average out chemical shifts. To overcome these 
problems, less abundant 
29
Si isotope is referred, and the magic angle of 54.74
o
 is used 
which reduces the widths of signals and increases the resolution of chemical shifts.  
One pulse 
29
Si MAS NMR spectra was acquired at 7.0 T using a Varian-
Chemagnetics InfinityPlus spectrometer operating at 69.62 MHz. The hybrid samples 
were spun at 5 KHz using Bruker 7mm HX double channel probe. All the 
measurements were performed at a π/2 pulse length of 6 μs with 240s recycle time. 
The spectra were referenced with TMS and secondary reference of kaolinite with a 
resonance at 
29Si δ: -92.0 ppm.  
4.2.6.5 Simulated Body Fluid (SBF) 
SBF is a synthetic solution that mimics the ionic content and concentrations of 
human blood plasma.  Kokubo et al.
162
 developed a first acellular SBF. The solution 
contains following ions in different concentrations
163
: Na
+
 142.0, K
+
 5.0, Mg
2+
 1.5, 
Ca
2+
 2.5, HCO3
-
 4.2, Cl
-
 103.0, HPO4
2-
 1.0, and SO4
2-
 0.5 mM with pH of 7.4. SBF 
solution was made with addition of the ions with their corresponding concentrations 
Effects of polymer architecture in sol-gel hybrids for bone regeneration 
70 
 
to deionised water. The mixture was placed in the 37
o
C oven overnight to settle and 
pH of the solution was adjusted by addition of HCl. The hybrid samples were 
grounded down to a fine powder. 150 mg of the sample and 100 ml of SBF were 
mixed into a sealed polycarbonate container. The mixture was placed in an orbital 
shaker, which was set to 120 rpm at 37
o
C. The hybrid samples were taken out after 1 
and 2 week time points to evaluate HCA layer formation. 
4.2.6.6 X-ray Diffraction (XRD) 
XRD is used to measure the crystallinity of materials. As X-ray beams hit atoms, 
the electrons are diffracted constructively or destructively depending on the crystal 
arrangements, spacing between the atomic planes, and types of atoms within the 
sample. The diffraction patterns can be constructed by Bragg’s Law: 
 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
 
Where 𝑛 is an order, 𝜆 is a wavelength of the x-ray beam, 𝑑 is the atomic plane 
spacing, and 𝜃 is the angle of incidence. 
XRD was used to measure the hybrids samples after SBF immersion to confirm 
HCA layer formation. Diffraction was measured using Bruker D2 desktop XRD with 
measurement angles between 5 and 80
o
 2𝜃 at a step size of 0.03o. The total count time 
was 6 minutes, and Ni filtered CuKalpha was the radiation source. The hybrid samples 
were grounded down to a fine powder and placed on an amorphous silicon disk. 
4.2.6.7 Scanning Electron Microscopy (SEM) 
SEM uses a focused beam of electrons to generate various signals on the surface of 
materials. These signals are generated when the incident electrons are decelerated 
after they interact with the sample. Secondary and backscattered electrons are 
commonly used for imaging samples.  The secondary electrons are generated when 
there is an inelastic scattering during the electron-sample interaction, and the 
topography of the sample affects the secondary electron detection.  
Gemini Field emission column LEO 1525 (voltage of 5kV and working distance of 
7nm) with secondary electron imaging was used for the hybrid samples after SBF 
immersion. Carbon tape was used to hold the hybrid sample, and it was sputter coated 
with 15 nm of chromium layer for 2 minutes.  
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4.2.7 Cell viability test 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, one of 
the colorimetric assays, technique is practiced to determine whether a sample is 
cytotoxic or viable for a cellular proliferation. The cell viability can be evaluated by 
assessing cell metabolic activity through reduction of pale yellow coloured tetrazole 
from MTT to formazan, which has a purple colour.  The absorbance of the purple 
formazan can be quantified by using a spectrophotometer in the wavelength of 570 
nm
164
.  The cell viability tests were performed by Dr Siwei Li, and the following 
protocols are given by him. 
4.2.7.1 In vitro cell culture 
Cell culture reagents were purchased from Invitrogen and Sigma-Aldrich UK 
unless specified otherwise. MC3T3-E1 preosteoblast cell line (ATCC, UK) was 
monolayer expanded in T150 flasks in basal media (α-MEM with 10% (v/v) FCS 
(foetal calf serum), 100 unit/ml penicillin and 100 μg/ml streptomycin). Cells were 
incubated at 37°C, 5% CO2 and 21% O2 until confluent before passaging using 500 
μg/ml trypsin-EDTA (ethylene diamine tetra-acetic acid). 
4.2.7.2 Cytotoxicity test 
An MTT cell viability assay was performed in accordance to ISO 10993-5 and ISO 
10993-12 to assess the biocompatibility of the hybrid material. Dissolution products 
were prepared by incubating 0.2 g/ml sample materials in α-MEM at 37°C over a 72-
hour period. Medical grade polyethylene (PE) and polyurethane (PU) containing 0.1% 
(w/w) zinc diethyldithiocarbamate (ZDEC) were used as non-cytotoxic (negative 
response) and cytotoxic (positive response) reference materials. The dissolution 
products were filter sterilised and, dilution series (25%, 50%, 75% and 100%) with 
additional 10% (v/v) FCS were prepared prior to use in cell viability assays.  
For MTT assay, 1×104 MC3T3-E1 cells per well were seeded on 96-well plates 
and cultured in basal α-MEM for 24 hours until a sub-confluent monolayer was 
formed. Cells were then incubated with fresh basal α-MEM, the dissolution products 
of hybrid material or controls (100 μl/well) for further 24 hours. Following removal 
of media, 50 μl of serum-free MTT solution (1 mg/ml in α-MEM) was added into 
each well and incubated for a period of 2 hours. The MTT solution was removed and 
100 μl DMSO (dimethyl sulfoxide) was added to dissolve the formazan derivatives. 
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The optical density values were measured spectrophotometrically at 570 nm using a 
microplate reader (SpectraMax M5). 
4.2.7.3 Cell culture on hybrid disks 
To study cell morphological behaviours, hybrid disks (approximately 5×5×1 mm
3
) 
were synthesised and sterilised with 70% ethanol for 1 minute. Prior to cell seeding, 
each sample was washed with phosphate buffered saline (PBS) and conditioned in 
serum-free α-MEM for 30 minutes.10 μl of MC3T3-Ea cell suspension (1×106 
cells/ml) was seeded onto each hybrid disk and, incubated in standard incubator 
conditions for 2 hours. Each cell-seeded disk was then submerged in fresh basal α-
MEM cultured for further 72 hours. 
4.2.7.4 Immunohistochemistry staining 
Routine immunohistochemical staining was used to label key cytoskeletal proteins 
in cells cultured on hybrid disks. Cell-seeded membranes were fixed with 4% 
paraformaldehyde (PFA) and washed with PBS. In order to detect intracellular 
antigen, permeabalisation of cell membrane was achieved by incubation with buffered 
0.5% Triton X-100 in PBS (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 20 mM 
Hepes and pH 7.2). Epitopes were blocked with 10 mg/ml BSA in PBS and, samples 
were incubated with anti-Vimentin antisera (1:500 dilution in 10 mg/ml BSA in PBS, 
rabbit polyclonal, IgG, Abcam, Cambridge, UK) at 4°C for 1 hour. Samples were 
washed with 0.5 (v/v) PBS-tween prior to hour-long incubation with Alexa Fluor® 
488-conjugated secondary antibody. Negative controls (omission of the primary 
antisera) were performed in all immunohistochemistry procedures. No staining was 
observed in the samples used as negative controls. 
CytoPainter F-actin staining kit (Abcam, Cambridge, UK) was used to localise F-
actin. In brief, Alexa Fluor® 568-conjugated phalloidin (1:1000 dilution in labelling 
buffer) was added simultaneously with Alexa Fluor® 488-conjugated the secondary 
antibody during the incubation period described above. All samples were counter-
stained with DAPI (0.1μg/ml in PBS). 
4.2.7.5 Confocal microscopy 
Immunostained cells were visualised using a confocal microscopy (Leica SP5 MP 
laser scanning confocal microscope and software, Leica Microsystems, Wetzlar, 
Germany).   
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4.3 Results & discussion  
4.3.1 Polymers 
In this study DP of the polymers were two fold larger than the target MW, in order 
to produce polymers with narrow Đs. For example, DP of the macro RAFT, which 
had a target MW of 15 kg/mol, was set to 30 kg/mol and the polymerisation was 
terminated at a 50% conversion. The theoretical MW of the macro RAFT was 
calculated using the following equation: 
 
𝑀𝑊𝑇ℎ𝑒𝑜. =
𝐶𝑁𝑀𝑅 × (𝑀𝑊𝑀𝑀𝐴 × 𝑀𝑜𝑀𝑀𝐴 + 𝑀𝑊𝑇𝑀𝑆𝑃𝑀𝐴 × 𝑀𝑜 𝑇𝑀𝑆𝑃𝑀𝐴)
𝑅𝐴𝐹𝑇𝑜
+ 𝑀𝑊𝑅𝐴𝐹𝑇 
 
Where C is the conversion measured by 
1
H-NMR with a trioxane internal standard, 
MWMMA,TMSPMA, are the MW of the monomers respectively, Mo is the initial monomer 
concentration, RAFTo is the initial RAFT agent concentration, and MWRAFT  is the 
MW of the RAFT agent. 
The theoretically calculated values were compared to the actual Mn measured by 
GPC. As Figure 4.5 shows, there was slight offset between the two values. However, 
they both displayed a congruent increasing trend. Also 15 kg/mol of both theoretical 
and the actual measurements were in the time point between 5 to 6 h. As a result, we 
decided that the difference in the trend was in an acceptable range, and 
polymerisations were terminated after 5.5 h. 
 
 
Figure 4.5: Theoretical and GPC measured Mns of poly(MMA-co-TMSPMA).  
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Methacrylate based copolymers of poly(MMA-co-TMSPMA) (linear) and 
poly(MMA-co-TMSPMA-co-EGDMA) (randomly branched and star), were 
successfully synthesised through RAFT polymerisation. They will be referred to as 
Lin(P), Rnd(P), and Str(P) respectively. 
1
H-NMR analysis was used to characterize 
the structure of the copolymers as shown in Figure 4.6. Mol% composition of 
TMSPMA was calculated by comparing peaks at 3.6 ppm (methoxy group, C&G, 12 
protons) and 0.67 ppm (Si-CH2-, F, 2 protons). The molar ratios of all the copolymers 
were close to our target value of 10% TMSPMA. 
 
 
Figure 4.6: 1H-NMR spectrum of linear, randomly branched, and star poly(MMA-co-TMSPMA).  
The term ‘random’ was used for Rnd(P) since EGDMA, a difunctional 
methacrylate monomer, was introduced with other monomers at the same time and its 
conversion was not controlled. Macro RAFT and Rnd(P) synthesis were compared in 
Figure 4.7. Both the macro RAFT and Rnd(P) displayed a controlled increase in the 
conversion rate. However, Rnd(P) showed a rapid increase in MW and Đ after ≈16% 
conversion. This could be due to an excessive cross-linking of the branching agent 
(EGDMA) in the polymerisation process, and it was difficult to control MW of the 
Rnd(P).  
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Figure 4.7: Đ and MW vs. conversion kinetics, and ln(Mo/Mt) and conversion vs. time of the macro RAFT 
and Rnd(P).  
As Table 4.1 shows, Lin(P) and Str(P) were synthesised with a comparable Mns, 
and they also had Đs in the range of the past TMSPMA copolymer synthesis studies 
with RAFT polymerisation (Đ: 1.22~1.49)165,166,167. Rnd(P), as expected, had a broad 
Đ of 2.27, since the rate of the EGDMA conversion to other monomers was not 
controlled as in Str(P) synthesis. Furthermore, Rnd(P) was not a well-defined or 
controlled polymer architecture.  
 
Table 4.1: MWs and Đs of the copolymers with different architectures 
 
Mn 
(kg/mol) 
Mw 
(kg/mol) 
Đ 
Lin(P) 59.5 66.8 1.12 
Str(P) 61.4 74.1 1.21 
Macro RAFT 12.5 13.4 1.07 
Rnd(P) 11.8 27.0 2.27 
 
GPC traces of the Str(P) before and after purification are shown in Figure 4.8 A. 
The shoulder (peak on the longer elution time) next to the main peak represents 
unreacted macro RAFT (arm), which indicated that not all the macro RAFT cross-
linked with EGDMA in the polymerisation synthesis. This is one of the draw-backs of 
a star polymer synthesis using the arm-first approach
168
, and has been observed in 
previous studies
169,170,171,172
. After the purification, however, the main Str(P) RI 
intensity was 97% compared to the unreacted macro RAFT, which was an acceptable 
value to be considered as a well-defined star polymer architecture. The overall GPC 
traces of the three different copolymers are shown in Figure 4.8 B. 
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Figure 4.8: GPC traces of A) Str(P) before and after purification, B) Lin(P), Rnd(P), and Str(P). 
4.3.2 Hybrids 
Lin(P), Rnd(P), and Str(P) containing hybrids will be referred to as Lin(70), 
Rnd(70), and Str(70) respectively. FTIR was used to confirm molecular structure of 
the hybrids and copolymers (Figure 4.9).  
 
 
Figure 4.9: FTIR spectra of A) sol-gel glass, B) Str(70), C) Rnd(70), D) Lin(70), E) Str(P), F) Rnd(P), and G) 
Lin(P). 
All the polymer spectra showed C=O stretching (1725 cm
-1
), C-C-O asymmetric 
stretching (1239 cm
-1
), and C-O-C symmetric stretching (1140 cm
-1
) of the ester 
group from the methacrylate moieties, as well as Si-O-CH3 (1070 cm
-1
) and Si-C (790 
cm
-1
) vibrations of the TMSPMA alkoxysilane group. For the hybrids, stronger 
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absorption bands of the condensed silica network was present, such as Si-O-Si 
asymmetric stretching (1050, 790 cm
-1
) and Si-OH stretching (945 cm
-1
), while 
possessing the methacrylate absorption bands. FTIR confirmed that the organic and 
inorganic sources were both present in the hybrid system. 
Figure 4.10 shows the hybrid monolith samples after they were dried in the oven. 
All the hybrids experienced change in colour from pink to yellow after drying, due to 
the degradation of thiol groups from the RAFT agent. They were transparent from the 
front view (Figure 4.10 A), however the photography taken from a top view shows 
that the Lin(70) was translucent, which could be from the surface roughness of the 
PTFE mold (Figure 4.10 B). The hybrids were fabricated with an organic-inorganic 
ratio of 70-30 wt%, because it was hard to produce crack free monolith samples with 
higher inorganic content. This is due to the increase in capillary stress within the silica 
network during the drying stage
18
. The example of the cracked hybrid which 
contained 40 wt% inorganic source is shown in Figure 4.11.  
 
 
Figure 4.10: Photography of the class II hybrid monoliths (Lin(70), Rnd(70), and Str(70) from left to right).  
 
Figure 4.11: Photography of a cracked hybrid with 60 wt% polymer and 40 wt% silica after drying stage.  
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The organic-inorganic ratio was confirmed by a thermal analysis. As shown in 
Figure 4.12 A, all three hybrids have shown thermal decomposition at ≈340oC. After 
the decomposition, the curve flattened because only the inorganic source remained. 
Final weight residual mass was 31±2%, which was close to the target inorganic 
content. There was only one sharp peak present in the region of 360
o
C (Figure 4.12 
B) which represents breakdown of the polymer backbone, and is similar to the highly 
cross-linked hybrid result from the previous study
8
. The derivative thermogravimetric 
analysis (DTG) on poly(MMA-co-TMSPMA), and hybrids with weakly cross-linked 
poly(MMA-co-TMSPMA) showed that the thermal decomposition at 165
o
C and 
270
o
C were polymer degradation of head-to-head linkages, unsaturated end-chain, 
and random chain scissions
8,126,173
.  
 
 
Figure 4.12: A) TGA and B): DTG curve of the hybrid samples. 
29
Si MAS NMR was performed to evaluate the connectivity of silica networks 
within the sol-gel hybrid samples. The silica network can be measured in two 
different species. Q species represent silica atoms from it being connected to 4 
bridging oxygen to less (3, 2, 1, and none) bridging oxygen. When one of the Si-O 
bonds is replaced with a Si-C bond, as in an alkoxysilane group from TMSPMA, it is 
termed as T species. Therefore, 
29
Si MAS NMR can verify the incorporation of 
TMSPMA in a silica network. As shown in Table 4.2, all the hybrids regardless of the 
polymer architecture showed T species with total values in the range of 4.64~6.51%. 
In addition, all the hybrids had Q species with a similar distribution to the sol-gel 
silica glass synthesised in an acidic environment
174
, poly(TMSPMA)-SiO2 
hybrids
175,176
, and poly(MMA-co-TMSPMA)-SiO2 hybrids
8
.   
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Table 4.2: Representative silica species and detailed 29Si MAS NMR chemical shifts of the hybrids with 
different polymer architectures.  
 
Dc 
(%) 
T
2
 
(%) 
T
3
 
(%) 
Q
2
 
(%) 
Q
3
 
(%) 
Q
4
 
(%) 
  
     
Lin(P) 85.7 3.31 3.20 4.91 43.16 45.42 
Rnd(P) 87.7 0 6.46 5.13 38.70 49.71 
Str(P) 87.5 0 4.64 4.75 40.26 50.34 
 
Lin(70) was the only hybrid sample that showed both T
2
 and T
3
 species (-58 and -
65 ppm respectively, shown in Figure 4.13), while the other hybrids have displayed 
only a highly cross-linked T
3
 species. However, no presence of T
0
 and T
1
 species 
indicated that TMSPMA underwent co-condensation to the silica network. Also, the 
total degree of condensation (Dc), which was calculated using: 
 
𝐷𝑐 =
4𝑄4 + 3𝑄3 + 2𝑄2 + 1𝑄1
4
+
3𝑇3 + 2𝑇2 + 1𝑇1
3
 
 
of the hybrids were in a comparable range to that of the sol-gel silica glass and 
poly(TMSPMA) containing hybrids
176
. The evaluations from both DTG and 
29
Si 
MAS NMR has confirmed that regardless of the polymer architectures, all the 
samples were class II hybrids. 
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Figure 4.13: Single pulse 29Si MAS NMR spectra of the hybrids with different polymer architectures. 
It is important to point out that, previously studied poly(MMA-co-TMSPMA) 
hybrids, where the polymer source was synthesised by a conventional free-radical 
polymerisation technique with the same MMA:TMSPMA molar ratio, have shown T
1
 
species along with a higher intensity of T
2
 species
8
. This proves that well-defined 
polymers do have an effect in developing novel class II hybrid materials. 
The mechanical properties of the hybrids were compared to the 70S30C bioactive 
glass (70 mol% SiO2, 30 mol% CaO) monolith sample which was included in the 
previous study
177
. The bulk mechanical properties of the hybrids and 70S30C 
monoliths are shown in Table 4.3.  
 
Table 4.3: Mechanical properties of the class II hybrids with different 3-D architectures. 
 Yield Stress Yield Strain E 
Ultimate 
Stress 
Strain at 
Failure 
UT 
 (MPa) (%) (GPa) (MPa) (%) (GPa) 
70S30C - - 2.7 88 4.1 0.13 
Lin(70) 41±1 4.3±0.3 1.1±0.1 75±21 21±7 0.92 
Rnd(70) 51±8 6.1±1.5 1.0±0.1 85±11 23±4 0.89 
Str(70) 26±3 4.8±1.0 0.6±0.2 69±8 28±0.5 1.25 
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Ultimate stress of the hybrids was in the range of 69-85 MPa, which was 
comparable to the 70S30C value, within the uncertainty values. However, the hybrids 
were more flexible and tougher. Specifically, Str(70) had Young’s modulus (E) 4.3 
fold lower, strain at failure 6.85 fold higher, and modulus to toughness (UT) 9.62 fold 
higher than that of the 70S30C. Figure 4.14 is a representative stress/strain curve, 
which shows that the hybrids were significantly less brittle than the 70S30C. The 
hybrids first induced an elastic deformation up to the yield stress, and then a plastic 
deformation was followed until the failure. Self-hardening was observed in the plastic 
deformation region, which was observed in PMMA compression test
178
. The 
mechanical properties of the hybrids lean toward organic source when there is higher 
organic content
179,180
, which could be the explanation of the viscoelastic and self-
hardening behaviour. 
 
 
Figure 4.14: Representative compression test curve of the 70S30C bioactive glass and hybrids. 
The architecture of the polymers also affected mechanical properties of the 
hybrids. Despite of all the hybrids having comparable Dc (Table 4.2), yield stress of 
Str(70) was nearly half that of the Rnd(70), and 1.6 fold lower than Lin(70). Also, 
Young’s modulus of Str(70) was 1.6 fold lower compared to the other hybrids. On the 
other hand, UT and strain to failure values of Str(70) were the highest, meaning it was 
a more flexible and tougher material. The flexibility and toughness could be from the 
elastic cross-linked core based on EGDMA, and Tg differences between the polymer 
architectures. The polymer architecture of the Str(70) resembles star gels
181,182,183
, a 
silica network forming precursor that has an organic core surrounded by alkoxysilane 
group, which also showed more flexibility compared to a conventional sol-gel glass. 
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There needs to be more study on evaluating the relationship of Tg between 
hydrodynamic radius of the polymers, or the polymer architecture, to the hybrids. 
Mechanical properties of the hybrids fell within the range of theoretically 
calculated mechanical properties of a bulk trabecular bone, shown in Table 4.4. 
Table 4.4: Theoretically calculated bulk mechanical properties of trabecular bone.  
 E 
Compressive 
Strength 
Strain 
 (GPa) (σy, MPa) (%) 
Theo. Trabecular 
Bone 
0.2-13 19-447 30-50 
The theoretical values were calculated from using following equations from 
Cellular Solids
184
: 
𝐸 =  𝐸𝑆 (
𝜌
𝜌𝑠
)
2
 
 
E = Young’s modulus of porous trabecular bone (0.5-0.05 GPa) 
ES = Young’s modulus of a bulk, non-porous, material 
ρ/ρS = Relative density of trabecular bone (0.2-0.5)
185
 
𝜎𝑝𝑙 = 0.3𝜎𝛾 (
𝜌
𝜌𝑠
)
3
2
 
 
σpl = Compressive strength of  porous trabecular bone (2-12 MPa) 
σy = Compressive strength of a bulk material 
ρ/ρS = Relative density of trabecular bone  
 
and the strain value was from a previous bovine subchondral bone study
186
. 
Theoretical bulk mechanical properties were calculated considering the trabecular 
bone values from Table 2.1, since monolith hybrids were considered as bulk samples. 
Hybrids came in short for the strain value, however, it was not a theoretically 
calculated value for bulk samples and higher strain values could associate with pore 
walls stacking on top of the other from deformation.  
An ideal biomaterial should be recognised by the cells and stimulate cell 
proliferation. Then, biodegradation should occur while the newly formed cells and 
extracellular matrix replace it
187
. Therefore, cytotoxicity and cell attachment 
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properties are important to consider for the hybrids. The MTT assay was performed in 
accordance to ISO 10993. The standard states that if viability is reduced to <70% of 
the non-cytotoxic controls, the test material would be considered as cytotoxic. While 
the 50% dilution of the sample should have at least the same or a higher viability than 
the 100% extract for the test to be considered valid. As shown Figure 4.15, all three 
hybrids were considered biocompatible. The viability of MC3T3-E1 culture 
dissolution products of Lin(70), Rnd(70), and Str(70) were 70.9%, 71.5%, and 73.2% 
respectively to that of the negative control (PE). Also, the dilution of the dissolution 
products improved cell viability.  
 
Figure 4.15: Cell viability test by MTT metabolic activity assay. Horizontal dotted line represents 70% 
viability cut-off. 
Cell attachment on the hybrids was examined by immunohistochemistry and 
confocal microscopy following 72 h of cell culture. As shown in Figure 4.16, the 
expression of Vimentin (green, intermediate filament proteins) and F-actin (red, 
microfilaments), the two major cytoskeletal constituents, were evident in MC3T3-E1 
regardless of the hybrids differentiated by the polymer architecture. 
 
Figure 4.16: Immunohistochemical staining of the MC3T3 cytoskeleton on the A) Lin(70), B) Rnd(70), and 
C) Str(70). Vimentin immunostain (green), F-actin labelling (red), and DAPI nuclear counter stain (blue) 
produced via confocal microscopy. 
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Protein adsorption and cell attachment can be influenced by a combination of 
various properties of the material surface, such as roughness, topography, wettability, 
and mechanical properties
188,189,190,191
. An intermediate surface wettability is known to 
be optimum for cell attachment environment
187
. Although PMMA is known to be 
hydrophobic in nature, it was shown to swell by absorbing small amounts (≈2 % w/w) 
of water
192
. Thus, from this cell attachment study, we can confirm that preosteblast 
cells favor the level of hydrophobicity that PMMA has. 
The hybrids were immersed in SBF over two weeks to confirm the ability to 
nucleate calcium phosphate layer on their surface. To ensure the calcium phosphate 
crystal or HCA formation, XRD was conducted on the SBF immersed hybrids. 
However, as shown in Figure 4.17, there were no HCA peaks (θ≈25o and 30o)193 
present in all the samples, in fact XRD patterns were showing amorphous halos which 
is a typical hybrid characteristic.  
.  
Figure 4.17: XRD patterns of the hybrids after SBF immersion. 
However, FTIR analysis (Figure 4.18) detected P-O bending bands at ≈560 and 
600 cm
-1
 that are associated with calcium phosphate group
193
. In addition, decrease in 
Si-O-Si stretching after SBF immersion proved that there was silica release, which 
increases Si-OH groups, HCA nucleation sites.  
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Figure 4.18: FTIR spectra of the hybrids before and after SBF immersion. P-O bending highlighted with * 
symbols. 
SEM images have shown that there were white layers on surface of the hybrids that 
were immersed in SBF for two weeks (Figure 4.19). HCA typically has needle-like 
crystal structures
143
. However, from the FTIR and SEM surface analysis we can 
hypothesize that the layers could be amorphous calcium phosphate species, which can 
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later crystallize to form HCA. Previous SBF study on poly(MMA-co-TMSPMA) 
hybrid with 80 wt% silica content have confirmed low crystalline HCA layer 
formation within 1 week of immersion
129
. Considering, the hybrids had 30 wt% silica 
content in this study, there was undoubtedly less silica-rich layer formation compared 
to the previous study within the given time period. This implicates that the white 
layers from the SEM images are amorphous calcium phosphate.   
 
 
Figure 4.19: SEM images of A) Lin(70), C) Rnd(70), and E) Str(70) after one week in SBF, and B) Lin(70), 
D) Rnd(70), and F) Str(70) after two weeks in SBF. 
4.4 Conclusion 
In this chapter, poly(MMA-co-TMSPMA)-SiO2 class II hybrids with three 
different polymer architectures were successfully synthesised via sol-gel process for 
the first time. Interestingly, the polymer architecture has affected mechanical 
properties of the hybrids. The hybrid with star shaped polymer was more flexible and 
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tougher than the other hybrids with different polymer architectures. The polymer 
architecture did not affect biological properties of the hybrids. All the hybrids had 
comparable cell viabilities, and MC3T3-E1 preosteoblast cells were able to attach on 
the surface within 72 h. HCA layer formation on the hybrids was not confirmed 
within two weeks of SBF immersion. However, the surface analysis suggested that 
amorphous calcium phosphate layer possibly formed within two weeks in SBF. 
Hybrids with star polymers have higher potential for tailorability in mechanical 
properties. Star polymers allow more tuneable features such as designing more 
functional arms, and choosing different elastic cores.   
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5 Biodegradable methacrylate polymers for organic-
inorganic hybrids 
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5.1 Introduction 
The randomly branched and star shaped poly(MMA-co-TMSPMA) were 
synthesized and introduced into the class II hybrid system for bone regeneration in 
Chapter 4 Effects of polymer architecture in sol-gel hybrids for bone regeneration. 
The study showed that the mechanical properties were affected by the polymer 
architecture. Specifically, the star polymer has shown advantage over the other 
architectures because the arms of the star and the cross-linking core can be modified 
to enhance the hybrid properties. Methacrylate based polymers are one of the ideal 
sources for bone regeneration, since the self-hardening mechanical property is similar 
to that of a trabecular bone
184
. However, methacrylate based polymers are not 
biodegradable, and a linear polymer of MW larger than 30 kg/mol will not filter 
through the pores of the glomeruli in the kidneys
12,23
. Therefore, it is essential to 
control the MW. In order to improve upon biodegradability of the randomly branched 
and star shaped poly(MMA-co-TMSPMA) that were synthesised in the previous 
chapter, it was necessary to substitute EGDMA with a cleavable branching agent. 
Hydrolytically cleavable branching agents were not considered since they can be 
cleaved during the sol-gel process and would anyway not offer controlled degradation 
in vivo. Disulfide-based dimethacrylate (DSDMA), a difunctional methacrylate 
branching agent with a disulphide bond in the middle (Figure 5.1), has been used to 
synthesize chemically cleavable
194,195,196,197
, and enzymatically cleavable
198,199
 
branched and star polymers via radical polymerisation in the past studies. Therefore, 
DSDMA was a great candidate for EGDMA replacement. 
 
 
Figure 5.1: DSDMA, an enzymatically degradable branching agent.  
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In this chapter, randomly branched and star poly(MMA-co-TMSPMA) was 
synthesised using DSDMA as a branching agent. The copolymers were cleaved by 
glutathione, an oligopeptide, to prove the biodegradability. Then the copolymers were 
introduced as an organic source for class II hybrids. The data obtained from randomly 
branched polymer based hybrids was conducted by Mr Yuki Fujita, a master student 
under the author’s supervision, as a pilot study, and his results were included in this 
chapter.  
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5.2 Methods 
5.2.1 Materials  
MMA (99%), TMSPMA (98%), DSDMA (95%), CDB (RAFT agent, 99%), L-
Glutathione reduced (98%) , AIBN (initiator, 98%), 2,2-diphenyl-1-picrylhydrazyl 
hydrate (DPPH, free radical inhibitor, 99%), calcium hydride (CaH2, 95%), silica gel 
(60 Å, 70-230 mesh), basic alumina (Al2O3, 95%), n-hexane (95%), toluene 
(polymerisation solvent, 99%), tetrahydrofuran (THF, analytical and HPLC grade, 
99.9%), deuterated chloroform (CDCl3, 99.8%), tetraethyl orthosilicate (TEOS, 98%), 
and 1M HCl were purchased from Sigma-Aldrich UK.  
Prior to the polymerisation, MMA and TMSPMA were passed through basic 
alumina columns to remove inhibitors and acidic impurities. TMSPMA was passed 
through neutral alumina to prevent its alkoxysilane group hydrolysing. Then, they 
were stirred over CaH2 for 1 h to neutralise traces of moisture in the presence of 
DPPH. Finally, all the monomers were vacuum distilled prior to the polymerisation. 
DSDMA was not distilled due to its viscosity and unstable disulphide bond. AIBN 
was recrystallised in ethanol. Toluene was dried in the presence of silica gel, which 
was heated up to 250
o
C for 4 h prior to the use. All the glassware were dried over 
night at 120
o
C and assembled hot under dynamic vacuum before use.  
 
5.2.2 Randomly branched  
Randomly branched poly(MMA-co-TMSPMA) were synthesised by one-pot 
RAFT polymerisation method. A Schlenk tube was loaded with AIBN (0.04 mmol, 
5.00 mg), CDB (0.07 mmol, 0.02 ml), MMA (0.07 mol, 7.16 ml), TMSPMA (6.72 
mmol, 1.60 ml), DSDMA with molar ratio of MMA:DSDMA 100:0.7, and toluene as 
a solvent. The components of the Schlenk tube were subsequently degassed three 
times by freeze-vacuum-thaw cycle under argon atmosphere, and were heated in an 
oil bath to 70
o
C to initiate the polymerisation. The polymerisation was terminated at 
50% conversion. 
5.2.3 Star Polymer synthesis 
The star polymer was synthesised by an “arm-first” approach using RAFT 
polymerisation technique. The arm, or the macro RAFT, of the star polymer was a 
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linear poly(MMA120-co-TMSPMA12) with a MW of 15k g/mol. A Schlenk tube was 
loaded with AIBN (0.13 mmol, 0.02 g), CDB (0.25 mmol, 0.06 ml), MMA (0.06 mol, 
6.50 ml), TMSPMA (6.0 mmol, 1.45 ml), and toluene as a solvent. After the macro 
RAFT was synthesised, it was purified by precipitation in n-hexane. Then the macro 
RAFT was re-dissolved in a dry toluene and added in a Schlenk tube along with 
AIBN and the DSDMA cross-linker. The molar ratios used were Macro 
RAFT:DSDMA:AIBN 8:1:0.3. The contents were degassed three times by freeze-
vacuum-thaw cycle under argon atmosphere, and were heated in an oil bath to 70
o
C. 
The polymerisation was kept for 24 h. Then, the star polymer was precipitated in n-
hexane and ethanol. The precipitation was repeated 3 times in order for the unreacted 
arms to be removed. 
5.2.4 Disulphide cleavage with glutathione  
Glutathione was dissolved in deionised water in the molar ratio of 
glutathione:DSDMA(from the copolymers) 10:1. The dissolved glutathione and 
copolymer mixture was stirred under argon at room temperature for 48 h. 
5.2.5 Hybrids synthesis 
After the copolymers from the section 5.2.2 and 5.2.3 were purified, toluene was 
removed using rotary evaporator under vacuum. It is important to point out that the 
TMSPMA containing polymers were not precipitated in hexane like most 
polymethacrylate polymers because the trimethoxysilyl groups tend to crosslink. So 
the polymers were purified with solvent exchange (hexane-THF) and then were stored 
in THF (pot 1). In pot 2, TEOS was hydrolysed in the molar ratio of TEOS:water:HCl 
of 1:3.7:0.01. The amount of TEOS added was as such so the overall wt% of the 
hybrid to have 70 wt% organic and 30 wt% inorganic. When TEOS was fully 
hydrolysed, pot 1 was poured into pot 2 and the mixture was stirred for 1 h at a room 
temperature. The mixture was then poured into a PTFE mould, and then it was sealed 
with another PTFE container. The container was placed in 40
o
C oven to gel/age for 3 
weeks and 60
o
C oven to dry for 10 days. Four hybrid monolith samples of each 
composition were synthesised with dimension of height (10.83±0.58 mm), and 
diameter (8.91±0.15 mm). 
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5.2.6 Polymer characterisation 
5.2.6.1 Nuclear Magnetic Resonance 
Monomer to polymer conversion rate was determined using proton 
1
H-NMR 
spectroscopy. This was performed in deuterated CDCl3 using a 400 MHz Avance 
Bruker NMR spectrometer. Trioxane was loaded to the Schlenk tube prior to the 
polymerisation and was used as an internal standard to determine the monomer to 
polymer % conversion. Specifically, trioxane peak at 5.1 ppm was compared to the 
unreacted methacrylate peak at 5.5 ppm. The polymer composition of the final 
copolymers was calculated using the MMA methoxy group and the TMSPMA 
methylene group next to the alkoxysilane group. 
5.2.6.2 Gel Permeation Chromatography 
The average MWs and Đs for all the polymers, macro RAFT, and cleaved polymer 
fragments were determined by GPC. An Agilent, SECcurity GPC system, with a 
Polymer Standard Service SDV analytical linear M column (SDA083005LIM) was 
used. All the copolymers were dissolved in THF and were filtered through 0.45μm 
polytetrafuloroethylene (PTFE) syringe filters. GPC eluent was THF, which was 
pumped with a flow rate of 1ml/min by ‘1260 Iso’ isocratic pump. Agilent 1260 RID 
detector was used to measure the refractive index signal. The calibration curve was 
based on PMMA standards with MWs of 2, 4, 8, 20, 50, 100 k gmol
-1
. 
5.2.7 Hybrid characterisation 
5.2.7.1 Fourier Transform Infrared Spectroscopy 
The functional groups of the copolymers and hybrids were analysed by FTIR 
(Nicolet iS10, Thermo Scientific) with an attenuated total reflectance module. 32 
scans were averaged to yield 4 cm
-1
 resolution.  
5.2.7.2 Compression Test 
The mechanical properties of the hybrids were investigated by uniaxial 
compression test. The hybrid samples were produced in a cylindrical monolith shapes 
with height/diameter >1 following ISO 640:2003 standard. The sample ends were 
ground with a sand paper until they were flat and parallel. The compression testing 
was performed using Zwick 1474 instrument with a compression speed of 0.1 
mm/minutes, and 10 kN load cell. 
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5.2.7.3 Thermogravimetric Analysis 
TGA was performed with NETZSCH STA 449C. The hybrid samples were ground 
down to a fine powder and were placed in a platinum crucible. The samples were 
heated up to 800
o
C at 10
o
C/min in continuously flowing air. 
5.2.8 Cell viability test  
The cell viability tests were performed by Dr Siwei Li, and the following protocols 
are given by him. 
5.2.8.1 In vitro cell culture 
Cell culture reagents were purchased from Invitrogen and Sigma-Aldrich UK 
unless specified otherwise. MC3T3-E1 preosteoblast cell line (ATCC, UK) was 
monolayer expanded in T150 flasks in basal media (α-MEM with 10% (v/v) FCS 
(foetal calf serum), 100 unit/ml penicillin and 100 μg/ml streptomycin). Cells were 
incubated at 37°C, 5% CO2 and 21% O2 until confluent before passaging using 500 
μg/ml trypsin-EDTA (ethylene diamine tetra-acetic acid). 
5.2.8.2 Cytotoxicity test 
An MTT cell viability assay was performed in accordance to ISO 10993-5 and ISO 
10993-12 to assess the biocompatibility of the hybrid material. Dissolution products 
were prepared by incubating 0.2 g/ml sample materials in α-MEM at 37°C over a 72-
hour period. Medical grade polyethylene (PE) and polyurethane (PU) containing 0.1% 
(w/w) zinc diethyldithiocarbamate (ZDEC) were used as non-cytotoxic (negative 
response) and cytotoxic (positive response) reference materials. The dissolution 
products were filter sterilised and, dilution series (25%, 50%, 75% and 100%) with 
additional 10% (v/v) FCS were prepared prior to use in cell viability assays.  
For MTT assay, 1×104 MC3T3-E1 cells per well were seeded on 96-well plates 
and cultured in basal α-MEM for 24 hours until a sub-confluent monolayer was 
formed. Cells were then incubated with fresh basal α-MEM, the dissolution products 
of hybrid material or controls (100 μl/well) for further 24 hours. Following removal 
of media, 50 μl of serum-free MTT solution (1 mg/ml in α-MEM) was added into 
each well and incubated for a period of 2 hours. The MTT solution was removed and 
100 μl DMSO (dimethyl sulfoxide) was added to dissolve the formazan derivatives. 
The optical density values were measured spectrophotometrically at 570 nm using a 
microplate reader (SpectraMax M5). 
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5.2.8.3 Cell culture on hybrid disks 
To study cell morphological behaviours, hybrid disks (approximately 5×5×1 mm
3
) 
were synthesised and sterilised with 70% ethanol for 1 minute. Prior to cell seeding, 
each sample was washed with phosphate buffered saline (PBS) and conditioned in 
serum-free α-MEM for 30 minutes.10 μl of MC3T3-Ea cell suspension (1×106 
cells/ml) was seeded onto each hybrid disk and, incubated in standard incubator 
conditions for 2 hours. Each cell-seeded disk was then submerged in fresh basal α-
MEM cultured for further 72 hours. 
5.2.8.4 Immunohistochemistry staining 
Routine immunohistochemical staining was used to label key cytoskeletal proteins 
in cells cultured on hybrid disks. Cell-seeded membranes were fixed with 4% 
paraformaldehyde (PFA) and washed with PBS. In order to detect intracellular 
antigen, permeabalisation of cell membrane was achieved by incubation with buffered 
0.5% Triton X-100 in PBS (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 20 mM 
Hepes and pH 7.2). Epitopes were blocked with 10 mg/ml BSA in PBS and, samples 
were incubated with anti-Vimentin antisera (1:500 dilution in 10 mg/ml BSA in PBS, 
rabbit polyclonal, IgG, Abcam, Cambridge, UK) at 4°C for 1 hour. Samples were 
washed with 0.5 (v/v) PBS-tween prior to hour-long incubation with Alexa Fluor® 
488-conjugated secondary antibody. Negative controls (omission of the primary 
antisera) were performed in all immunohistochemistry procedures. No staining was 
observed in the samples used as negative controls. 
CytoPainter F-actin staining kit (Abcam, Cambridge, UK) was used to localise F-
actin. In brief, Alexa Fluor® 568-conjugated phalloidin (1:1000 dilution in labelling 
buffer) was added simultaneously with Alexa Fluor® 488-conjugated the secondary 
antibody during the incubation period described above. All samples were counter-
stained with DAPI (0.1μg/ml in PBS). 
5.2.8.5 Confocal microscopy 
Immunostained cells were visualised using a confocal microscopy (Leica SP5 MP 
laser scanning confocal microscope and software, Leica Microsystems, Wetzlar, 
Germany).  
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5.3 Results & Discussion 
5.3.1 Polymers 
Randomly branched and star poly(MMA-co-TMSPMA) with DSDMA will be 
referred to as Rnd(D) and Str(D) respectively. Rnd(D) synthesis was carried out by 
Mr Yuki Fujita as his research project. Since Rnd(D) synthesis followed the same 
protocol as Rnd(P) from the previous chapter, The kinetics was following the similar 
trend as the Rnd(P) and Macro RAFT (Figure 5.2). 
 
 
Figure 5.2: ln(Mo/Mt) and conversion vs. time of the Rnd(P), macro RAFT, and Rnd(D). 
However, as expected, since the randomly branched polymers are not controlled 
polymers, the MW and Đ were in an unpredictable range. As Table 5.1 shows, 
Rnd(D) had a large Đ of 2.04, while Str(D) had almost the same values of Đ as the 
Str(P) synthesised before. MW of the Str(D) was lower than that of Str(P) even 
though the macro RAFT had a similar MW. This could be from using an un-distilled 
branching agent. DSDMA distillation was attempted prior to the polymerisation. 
However, during the process it was self-polymerizing due to the disulphide bond 
cleavage, which created thiol radicals.  
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Table 5.1: MWs and Đs of the copolymers before and after disulphide bond cleavage. 
 
Mn 
(kg/mol) 
Mw 
(kg/mol) 
Đ 
Mp 
(kg/mol) 
Rnd(D)
* 
15.5 31.6 2.04 23.8 
Cleaved Rnd(D)
* 
10.7 18.4 1.72 16.9 
Macro RAFT 11.3 12.4 1.10 13.3 
Str(D) 45.7 54.8 1.19 49.5 
Cleaved Str(D) 12.7 18.8 1.48 15.4 
*Adapted from Mr. Fujita’s results 
Glutathione is an oligopetide, or protein, that is present in mammalian tissues. It is 
known to reduce cell oxidative state and disulphide bonds within other proteins by 
converting itself to an oxidised form
200,201,202
. Therefore, in theory, glutathione will 
cleave Rnd(D) and Str(D) down to smaller polymer fragments than the original MWs 
as schematically illustrated in Figure 5.3 .   
 
 
Figure 5.3: Disulphide bond cleavage by glutathione reduced. 
As Table 5.1 shows, the MWs decreased significantly after mixing the copolymers 
with glutathione. Mn and Mw values of both Rnd(D) and Str(D) were decreased, 
particularly Str(D) values were decreased by more than 2 fold. Also, the MWs of the 
cleaved copolymers were lower than 30 kg/mol, which was the target MW for kidney 
filtration. GPC traces of the copolymers and their cleaved fragments are shown in 
Figure 5.4. 
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Figure 5.4: GPC traces of A) Rnd(D) (Adapted from Mr Fujita’s results) , and B) Str(D) before and after 
disulphide bond cleavage. 
Both Rnd(D) and Str(D) GPC traces show shifts towards longer elution time. The 
Str(D) trace, as expected, had an unreacted linear macro RAFT trace at higher elution 
time. The cleaved Str(D) trace displayed a significant shift of peak molecular weight 
(Mp) towards that of macro RAFT, from 49.5 to 15.4 kg/mol.  However, there was an 
unexpected trace in the lower elution time region. This could be due to condensed 
alkoxysilane groups from TMSPMA, since the polymers were exposed to water for 48 
h. The other possibility is that, two macro RAFTs polymerised together on the same 
methacrylate backbone site in DSDMA which was observed in previous thermal and 
hydrolytically degradable star polymer study
203
. There needs to be more careful study 
on evaluation of the un-cleaved parts of the polymers. 
5.3.2 Hybrids 
Rnd(D), and Str(D) containing hybrids will be referred to as Rnd(D70), and 
Str(D70) respectively. FTIR was used to confirm molecular structure of the hybrids 
and Str(D).  
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Figure 5.5: FTIR spectra of A) Str(D70), B) Rnd(D70) (Adapted from Mr Fujita’s results), and Str(D). 
As shown in Figure 5.5, Str(D) showed C=O stretching, C-C-O asymmetric 
stretching, and C-O-C symmetric stretching of the ester group from the methacrylate 
moieties, which is very similar to that of the previous methacrylate based copolymers 
shown in Figure 4.9. As expected for the hybrids, stronger absorption bands of the 
condensed silica network was present; Si-O-Si asymmetric stretching and Si-OH 
stretching, with the methacrylate absorption bands. FTIR confirmed that the organic 
and inorganic sources were both present in the hybrid system. 
Figure 5.6 shows that both hybrids had yellowish color due to the RAFT agent, 
which was also seen in the previous chapter. The hybrids were transparent from the 
front (Figure 5.6 A) and the top view (Figure 5.6 B). 
 
 
Figure 5.6: Photography of Rnd(D70) and Str(D70). 
The organic-inorganic ratio was confirmed by thermal degradation analysis. As 
shown in Figure 5.7 A, both hybrids showed thermal decomposition, starting 
temperature at ≈340oC, which was also seen in the previous chapter. Final weight 
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residual was 30.9% and 31.2% for Rnd(D70) and Str(D70) respectively, which was 
close to the target inorganic content. The DTG analysis shown in Figure 5.7 B proved 
that there were no additional peaks below 300
o
C, implicating that both samples were 
true class II hybrids.    
 
 
Figure 5.7: A) TGA and B): DTA curve of Rnd(D70) and Str(D70). 
Mechanical properties of the hybrids followed the same trends as the previously 
synthesised non-biodegradable hybrids. As shown in Table 5.2, all the values were in 
a comparable range to that of the Rnd(70) and Str(70) values from Table 4.3. This 
indicated that DSDMA substitution did not affect mechanical properties compared to 
the EGDMA based polymer containing hybrids. The representative stress/strain curve 
is shown in Figure 5.8. Mechanical properties of the disulphide based polymer 
containing hybrids were also in the range of the theoretical bulk trabecular bone 
values in Table 4.4. However, they were also not able to meet the strain to failure 
value.  
 
Table 5.2: Mechanical properties of biodegradable hybrids. 
 
Yield Stress 
(MPa) 
Yield Strain 
(%) 
E 
(GPa) 
Ultimate 
Stress 
(MPa) 
Strain at 
Failure 
(%) 
Rnd(D70)* 54±5 7.1±0.7 1±0.1 81±11 22±3 
Str(D70) 27±1 4.2±0.3 0.7±0.02 69±6 27±1 
* Adapted from Mr Fujita’s results. 
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Figure 5.8: Representative compression test curve of 70S30C bioactive glass Rnd(D70) (adapted from Mr 
Fujita’s results) and Str(D70). 
The MTT assay was performed in accordance to ISO 10993. As shown  Figure 
5.9, both Rnd(D70) and Str(D70) were considered biocompatible. The viability of 
MC3T3-E1 culture dissolution products of the hybrids was above 70% to that of the 
negative control (PE). Also, the dilution of the dissolution products improved cell 
viability. The Rnd(D70) hybrid did not show a significant improvement in cell 
viability for its diluted samples, however all the viabilities were above 70%.  
 
 
 Figure 5.9: Cell viability test by MTT metabolic activity assay of Rnd(D70) and Str(D70). 
Cell attachment on the hybrids was examined by immunohistochemistry and 
confocal microscopy following 72 h of cell culture. As shown in Figure 5.10, the 
expression of Vimentin (green) and F-actin (red) were evident in MC3T3-E1 
regardless of the polymer architectures. 
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Figure 5.10: Immunohistochemical staining of the MC3T3 cytoskeleton on the A) Rnd(D70), and B) 
Str(D70). Vimentin immunostain (green), F-actin labelling (red), and DAPI nuclear counter stain (blue) 
produced via confocal microscopy. 
5.4 Conclusion  
In this chapter, poly(MMA-co-TMSPMA) of randomly branched and star 
architectures were successfully synthesised with a biodegradable branching agent. 
Then the polymers were introduced to class II hybrids via sol-gel process. The 
biodegradability of the polymers was confirmed by cleaving the disulphide bonds 
with a protein (glutathione). Both MW of the polymers were reduced down to meet 
the kidney filtration. The hybrids had similar mechanical and biological 
characteristics as the previously synthesised Rnd(70) and Str(70). The hybrids passed 
the cytotoxicity test, and MC3T3-E1 preosteoblast cells were able to attach on the 
surface within 72 h. Star shaped poly(MMA-co-TMSPMA) with DSDMA as a 
branching agent shows a great potential as an organic source for biodegradable 
hybrids. Further biodegradation studies on hybrid samples are required.   
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6 Group transfer polymerisation of 3-
(trimethoxysilyl)propyl methacrylate  
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Parts of this chapter have been published in Macromolecular Rapid 
Communication, 2015, and are reproduced with the permission from Wiley-VCH 
Verlag
204
. 
6.1 Introduction 
The polymerisation of organo-silicate monomers leads to the production of various 
advanced materials such as class II hybrids, thin films, and nanoparticles
205,206,151,18
. 
Therefore, there have been many studies on polymerising TMSPMA using various 
controlled and living polymerisation techniques. The first TMSPMA synthesis was 
reported in 1992 via living anionic polymerisation where MW of 8.2 kg/mol with a Đ 
of 1.05 was synthesised
207
. However, since then, no studies have reported TMSPMA 
polymerisation with such narrow Đ. 
In the early 2000s, several studies of TMSPMA polymerisation using atom transfer 
radical polymerisation (ATRP) were reported. The first systematic study observed 
that the polymers with narrower Đ of 1.10 to 1.39 were feasible using a PEG 
macroinitiator instead of ethyl 2-bromoisobutyrate
208
. After this report, PEG-b-
TMSPMA diblock copolymers with similar Đ values were reported209,210,211,212, along 
with stearyl methacrylate TMSPMA block copolymer with Đ of 1.14213. In 2008, 1,2-
bis(bromoisobutyryloxy)ethane was used as an initiator to synthesize poly(TMSPMA) 
with Đ of 1.13, which was a precursor of an ABA triblock polymer that had a Đ of 
1.34
214
. Consequently, more triblock
215,216
 and pentablock
217,218
 TMSPMA 
copolymers were synthesised with Đs ranging from 1.16 to 1.46.  
TMSPMA containing polymers have also been synthesised with the RAFT 
polymerisation technique. However, the polymers had relatively large Đ values 
ranging from 1.22 to 1.49
166,165,167
, and polymers with narrow Đ of 1.06 and 1.15219 
were achievable with less than seven repeating units of TMSPMA.  
All the previous studies on TMSPMA containing block copolymers were 
synthesised via multi-pot and time consuming methods. Also, the conventional living 
anionic polymerisation process has to be performed at an excessive temperature of -
78
o
C
207,220,221
. GTP
222,136,220
, on the other hand, can be performed at a room 
temperature, and is known to produce narrower Đ values223 compared to the 
controlled radical polymerisation techniques at a faster polymerisation rate. GTP of 
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TMSPMA was first attempted in 2005
224
, however, the copolymers had broad Đs of 
1.15 to 1.5 due to TMSPMA cross-linking with the amino containing groups.  
In this chapter, a systematic study of TMSPMA polymerisation through GTP was 
conducted to demonstrate that well-defined copolymers with different architectures 
can be produced.  
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6.2 Methods  
6.2.1 Materials 
1-Methoxy-1(trimethylsiloxy)-2-methyl propene (MTS, initiator, 99%), sodium 
metal, DPPH (free radical inhibitor, 99%), MMA (99%), EGDMA (98%) and 
TMSPMA (98%) were purchased from Sigma Aldrich, UK.  Tetrabutylammonium 
hydroxide (40% in water), basic alumina (Al2O3, 95%) and potassium metal were 
purchased from Acros Organics, UK.  Tetrahydrofuran (THF, polymerisation solvent, 
95%) was purchased from Fisher Scientific. 
Prior to the polymerisation, MMA and EGDMA were passed through basic 
alumina columns to remove inhibitors and acidic impurities. TMSPMA was passed 
through neutral alumina to prevent its alkoxysilane group hydrolysing. Then, they 
were stirred over CaH2 for 1 h to neutralize traces of moisture in the presence of 
DPPH. MMA, TMSPMA and EGDMA were kept refrigerated until distillation. All 
the monomers were vacuum distilled prior to the polymerisation. The initiator was 
also distilled before polymerisation and stored under argon until use. TBABB was the 
polymerisation catalyst and was synthesised by the reaction of tetrabutylammonium 
hydroxide and benzoic acid, as described by Dicker et al.
225
 The catalyst was dried 
and stored under vacuum until use. THF was refluxed over a potassium/sodium 
amalgam for 3 days before polymerisation.  All the glassware were dried over night at 
120
o
C and assembled hot under dynamic vacuum before use.  
6.2.2 TMSPMA GTP kinetics study  
TMSPMA homopolymerisation via GTP was performed in an ice/water bath since 
GTP is an exothermic process
226
. TMSPMA was injected using a syringe pump with a 
rate of 1 ml/min to a flask under argon that contained anhydrous THF, TBABB and 
the initiator. Samples for GPC and 
1
H-NMR spectroscopy were taken out from the 
flask at regular intervals. 
6.2.3 TMSPMA containing block polymer synthesis 
All the polymerisations followed the previous GTP process
227,228,229,230,231,232
. They 
were performed in an ice/water bath and the change in temperature was monitored.  
Refluxed THF (42 ml) and MTS (0.30 mL, 0.26 g, 1.48 mmol) were syringed into 
a 100 mL round bottom flask containing TBABB (≈10 mg). Then TMSPMA was 
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added (7.0 ml, 7.3 g, 30.0 mmol) using a syringe. The temperature rose by 9.6°C. The 
exothermic reaction was abated after ten minutes and two 0.1 ml aliquots of the 
reaction solution were extracted for GPC and 
1
H-NMR analysis.  Then the MMA 
monomer (3.2 ml, 3.0 g, 30.0 mmol) was added using a syringe and the temperature 
increased by 11.4 °C. Two more 0.1 ml aliquots were collected after the exothermic 
reaction was abated for GPC and 
1
H-NMR analysis. 
MMA-b-TMSPMA diblock and TMSPMA-b-TMSPMA chain growth polymers 
were synthesised in a same manner.  
6.2.4 TMSPMA star polymer synthesis 
The TMSPMA star polymer was synthesised with the “arm-first” approach, 
following the previous GTP star polymer synthesis studies
169,233,234
. The arm of 
TMSPMA homopolymer was first synthesised, then the bifunctional crosslinker, 
EGDMA was added (1:4 mole ratio of initiator to crosslinker).  
6.2.5 Polymer characterisation 
6.2.5.1 Nuclear Magnetic Resonance 
The polymer compositions were determined using proton Nuclear Magnetic 
Resonance (
1
H-NMR) spectroscopy. This was performed in deuterated CDCl3 using a 
400 MHz Avance Bruker NMR spectrometer. The polymer composition of the final 
copolymers was calculated using the MMA methoxy group and the TMSPMA 
methylene group next to the silicon. 
6.2.5.2 Gel Permeation Chromatography  
The average MWs and Đs values for all the copolymers and precursors were 
determined by GPC. An Agilent, SECcurity GPC system, with a Polymer Standard 
Service SDV analytical linear M column (SDA083005LIM) was used. All the 
copolymers were dissolved in THF and were filtered through 0.45 μm PTFE syringe 
filters. GPC eluent was THF, which was pumped with a flow rate of 1 ml/min by 
‘1260 Iso’ isocratic pump. Agilent 1260 RID detector was used to measure the 
refractive index signal. The calibration curve was based on PMMA standards with 
MWs of 2, 4, 8, 20, 50, 100 k gmol
-1
. 
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6.3 Results & Discussion 
Poly(TMSPMA) homopolymer synthesis was first conducted to confirm that the 
monomer can be synthesised via GTP. As shown in Figure 6.1, the actual Mn 
measured by GPC was following the exact trend of the theoretically calculated MW. 
The theoretical MW was calculated by the following equation: 
 
𝑀𝑊𝑇ℎ𝑒𝑜. =
(𝑀𝑊𝑇𝑀𝑆𝑃𝑀𝐴 × 𝑀𝑜 𝑇𝑀𝑆𝑃𝑀𝐴)
𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟𝑜
+ 𝑀𝑊𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 
 
Where MoTMSPMA is an initial TMSPMA concentration and Initiatoro is an initial 
concentration of MTS initiator. 
Unlike the controlled radical polymerisation methods, fully converted polymer of 
10 kg/mol with a Đ of 1.06 was synthesised within 15 minutes. In addition, GTP 
kinetics of TMSPMA was similar to that of the MMA
226
.  
 
 
Figure 6.1: GTP kinetics of TMSPMA. The theoretically calculated MW compared to the Mn measured by 
GPC 
In order to confirm that TMSPMA can be copolymerized with GTP, various block 
copolymers and a star polymer was synthesised. The solvent, catalyst, and initiator 
were first added in a round bottle flask, and then the monomers were syringed 
sequentially. TMSPMA-b-TMSPMA, MMA-b-TMSPMA, TMSPMA-b-MMA, and 
TMSPMA-star copolymers were synthesised and no polymerisation took longer than 
30 minutes. 
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Table 6.1: Molecular weights, Đ, and compositions of the TMSPMA copolymers and their precursors. 
 
As shown in Table 6.1, TMSPMA-b-TMSPMA chain growth polymer had the Mn 
close to the theoretically calculated MW with a very narrow Đ. The other diblock 
copolymers of TMSPMA and MMA were also synthesised successfully, confirming 
that TMSPMA can be polymerized as the first or the second block using GTP. As 
expected for a living polymerisation technique, the values of Đs of the polymers were 
always narrower than the precursors. I would also like to point out that the Đ values 
of the diblock copolymers matched the first study on TMSPMA polymerisation via 
living anionic polymerisation technique
207
. The 
1
H-NMR analysis confirmed that the 
mol% composition of TMSPMA in the diblock copolymers were close to the target 
value. 
Star polymer of TMSPMA was also synthesised via GTP with the arm-first 
method. As mentioned in the previous chapter (4.2.3 Star polymer synthesis), linear 
TMSPMA homopolymer was synthesised first and then EGDMA was added to 
interconnect the homopolymer. The MW of the star polymer was about ten times 
larger than the linear precursor. Đ was 1.19, which was reasonably narrow for a star 
polymer. 
The GPC traces of all the TMSPMA containing polymers are shown in Figure 6.2. 
There was a slight termination for MMA20-b-TMSPMA20 diblock copolymer (Figure 
Polymers 
Theo. MW 
(g/mol) 
Mn 
(g/mol) 
Đ 
Mol% TMSPMA 
Theo. NMR 
TMSPMA15 3825 4380 1.08 100 100 
TMSPMA15-b-
TMSPM15 
7550 7640 1.07 100 100 
MMA20 2102 3140 1.09 0 0 
MMA20-b-
TMSPMA20 
7069 9030 1.05 50 45 
TMSPMA20 5067 5600 1.06 100 100 
TMSPMA20-b-
MMA20 
7069 8400 1.05 50 51 
TMSPMA20 5067 5870 1.06 100 100 
TMSPMA20-star N.A. 54100 1.19 N.A. N.A. 
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6.2 A); however, we believe that this was from an introduction of oxygen during the 
second block addition stage. All the other polymer traces confirmed no termination 
during the polymerisation process, and the Đ of MMA20-b-TMSPMA20 diblock 
copolymer was still in a very narrow range. The GPC trace of the TMSPMA-star 
copolymer had a peak on the higher MW, which was also observed in the previous 
result of Figure 4.8 A.  
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Figure 6.2: GPC traces of the A) TMSPMA20-b-TMSPMA20 chain growth, B) MMA20-b-TMSPM20 diblock, 
C) TMSPMA20-b-MMA20 diblock, and D) TMSPMA-star polymers, and their corresponding precursors. 
Group transfer polymerisation of 3-(trimethoxysilyl)propyl methacrylate 
114 
 
For a class II hybrid synthesis, it is important that a polymer source does not cross-
link itself. Polymers should start cross-linking when the hydrolysed silica network 
precursor is present. In order to confirm the viability of the polymers synthesised by 
GTP, 2 ml of TMSPMA20-star copolymer was syringed in a vial and 0.5 ml of 1M 
HCl was added. The mixture instantly became a gel as can be seen in Figure 6.3. This 
result also showed a possibility of fabricating hybrid materials in a one-pot synthesis. 
 
 
Figure 6.3: TMSPMA20-star gel formation after the addition of HCl. Followed by hybrid fabrication after 
ageing and drying stages. 
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6.4 Conclusion  
TMSPMA copolymers were successfully synthesised with GTP to produce well-
defined polymers. Previously, GTP was not a popular choice for the monomers that 
contain alkoxysilane groups, because researchers were not certain about the 
alkoxysilane group reacting with the silyl ketene containing initiator. This was the 
first systematic study on TMSPMA polymerisation using GTP, and both diblock 
linear, and star TMSPMA containing polymers were synthesised with Đ values lower 
than 1.09 and 1.20 respectively. This study shows promising possibilities to produce 
organic-inorganic class II hybrids with more well-defined polymers, and through a 
facile one-pot synthesis. In addition, alternative method for distilling DSDMA 
branching agent is needed for synthesising biodegradable star polymer through GTP.  
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7 Introducing butyl methacrylate to organic-
inorganic class II hybrid for bone regeneration  
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7.1 Introduction 
Previous chapters have covered PMMA based hybrids. Well-defined poly(MMA-
co-TMSPMA) star polymer hybrids have shown great possibilities to be a novel 
biomaterial for bone regeneration. However, it would be advantageous to impart 
higher elasticity so that they can have higher strain to failure. Poly(butyl 
methacrylate) (BMA) shares the same backbone as PMMA, while having a lower Tg 
than PMMA; 20
o
C compared to 114
o
C for PMMA
235
. The glass transition in semi-
crystalline polymers occurs due to the reduction in motion of molecular chains with 
decreasing temperature
236
. Hence, when polymers, such as PMMA, are placed in a 
temperature lower than 114
o
C, it will be a stiff and hard material. PBMA has a lower 
Tg because it has a bulkier side group, which increases the free volume between 
polymer chains, and higher mobility of the molecules
237
. There have been studies on 
synthesising poly(BMA-co-TMSPMA) (Figure 7.1) containing silica hybrids for thin 
film and optical applications
238,239,240,241
, but not for biomaterials. In addition, the 
polymers were synthesised using conventional free-radical polymerisation, producing 
polymers with Đ higher than 2.21. In this chapter, poly(BMA-co-TMSPMA) star 
polymer was synthesised with EGDMA as a branching agent, and introduced to a 
hybrid material through the sol-gel processing.  
 
 
Figure 7.1: Poly(BMA-co-TMSPMA)  
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7.2 Methods 
7.2.1 Materials 
BMA (99%), TMSPMA (98%), EGDMA (98%), CDB (RAFT agent, 99%), AIBN 
(initiator, 98%), 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH, free radical inhibitor, 
99%), calcium hydride (CaH2, 95%), silica gel (60 Å, 70-230 mesh), basic alumina 
(Al2O3, 95%), methanol (99.5%), toluene (polymerisation solvent, 99%), 
tetrahydrofuran (THF, analytical and HPLC grade, 99.9%), deuterated chloroform 
(CDCl3, 99.8%), tetraethyl orthossilcate (TEOS, 98%), and 1M HCl were purchased 
from Sigma-Aldrich UK.  
Prior to the polymerisation, BMA and EGDMA were passed through basic alumina 
columns to remove inhibitors and acidic impurities. TMSPMA was passed through 
neutral alumina to prevent its alkoxysilane group hydrolysing. Then, they were stirred 
over CaH2 for 1 h to neutralize traces of moisture in the presence of DPPH. Finally, 
all the monomers were vacuum distilled prior to the polymerisation. AIBN was 
recrystallised in ethanol. Toluene was dried in the presence of silica gel, which was 
heated up to 250
o
C for 4 h prior to the use. All the glassware were dried over night at 
120
o
C and assembled hot under dynamic vacuum before use.  
7.2.2 Star polymer synthesis 
 The star polymer was synthesised by an “arm-first” approach using RAFT 
polymerisation technique. An arm, or a macro RAFT, of the star polymer was a linear 
poly(BMA90-co-TMSPMA9) with a MW of 15 kg/mol. A Schlenk tube was loaded 
with AIBN (0.1 mmol, 0.02 g), CDB (0.2 mmol, 0.05 ml), BMA (0.036 mol, 5.44 
ml), TMSPMA (3.6 mmol, 0.85 ml), and toluene as a solvent. The components of the 
Schlenk tube were subsequently degassed three times by freeze-vacuum-thaw cycle 
under argon atmosphere, and were heated in an oil bath to 70
o
C to initiate the 
polymerisation. The polymerisation was terminated at 50% conversion. Then, the 
copolymer was precipitated in cold methanol in order to remove unreacted monomers. 
The macro RAFT was re-dissolved in the dry toluene and added in a Schlenk tube 
along with AIBN and the EGDMA cross-linker. The molar ratios used were Macro 
RAFT:EGDMA:AIBN 8:1:0.3. The contents were degassed three times by freeze-
vacuum-thaw cycle under argon atmosphere, and were heated in an oil bath to 70
o
C. 
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The polymerisation was kept for 24 h. Then, the star polymer was precipitated in cold 
methanol. The precipitation was repeated 3 times in order for the unreacted arms to be 
removed. 
7.2.3 Hybrid synthesis 
After the star polymer from the section 7.2.2 was purified, toluene was removed 
using rotary evaporator under vacuum pressure. It is important to point out that the 
TMSPMA containing polymers were not precipitated in methanol like most 
poly(BMA) polymers because the trimethoxysilyl groups tend to crosslink. So the 
polymers were purified with solvent exchange (methanol-THF) and then were stored 
in THF. TEOS was hydrolysed in the molar ratio of TEOS:water:HCl of 1:3.7:0.01. 
The amount of TEOS added was as such so the overall wt% of the hybrid to have 70 
wt% organic and 30 wt% inorganic . When TEOS was fully hydrolysed, the polymer 
and silica mixture was stirred for 1 h at a room temperature. The mixture was then 
poured into a PTFE mould, and then it was sealed with another PTFE container. The 
container was placed in 40
o
C oven to gel/age for 3 weeks and 60
o
C oven to dry for 10 
days. Four hybrid monolith samples of each composition were synthesised with 
dimension of height (10.26±1.23 mm), and diameter (8.63±0.57 mm). 
7.2.4 Polymer characterisation 
7.2.4.1 Nuclear Magnetic Resonance  
Monomer to polymer conversion rate and the polymer composition were 
determined using proton Nuclear Magnetic Resonance (
1
H-NMR) spectroscopy. This 
was performed in deuterated CDCl3 using a 400 MHz Avance Bruker NMR 
spectrometer. Trioxane was loaded to the Schlenk tube prior to the polymerisation and 
was used as an internal standard to determine the monomer to polymer % conversion. 
Specifically, trioxane peak at 5.1 ppm was compared to the unreacted methacrylate 
peak at 5.5 ppm. The polymer composition of the final copolymers was calculated 
using the MMA methoxy group and the TMSPMA methylene group next to the 
silicon. 
7.2.4.2 Gel Permeation Chromatography  
The average MWs and Đs for all the polymers and macro RAFT were determined 
by GPC. An Agilent, SECcurity GPC system, with a Polymer Standard Service SDV 
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analytical linear M column (SDA083005LIM) was used. All the copolymers were 
dissolved in THF and were filtered through 0.45μm polytetrafuloroethylene (PTFE) 
syringe filters. GPC eluent was THF, which was pumped with a flow rate of 1 ml/min 
by ‘1260 Iso’ isocratic pump. Agilent 1260 RID detector was used to measure the 
refractive index signal. The calibration curve was based on PMMA standards with 
MWs of 2, 4, 8, 20, 50, 100 k gmol
-1
. 
7.2.5 Hybrid characterisation 
7.2.5.1 Fourier Transform Infrared Spectroscopy  
The functional groups of the star polymer and hybrid were analysed by FTIR 
(Nicolet iS10, Thermo Scientific) with an attenuated total reflectance module. 32 
scans were averaged to yield 4 cm
-1
 resolution.  
7.2.5.2 Compression Test 
The mechanical properties of the hybrids were investigated by uniaxial 
compression test. The hybrid samples were produced in a cylindrical monolith shapes 
with height/diameter >1 following ISO 640:2003 standard. The sample ends were 
ground with a sand paper until they were flat and parallel. The compression testing 
was performed using Zwick 1474 instrument with a compression speed of 0.1 
mm/minutes, and 10 kN load cell.  
7.2.5.3 Thermogravimetric Analysis 
TGA was performed with NETZSCH STA 449C. The hybrid samples were ground 
down to a fine powder and were placed in a platinum crucible. The samples were 
heated up to 800
o
C at 10
o
C/min in continuously flowing air. 
7.2.5.4 Sessile Drop-Contact Angle Measurement  
Surface wettability, or hydrophobicity, can be measured by investigating wetting 
angle. The sessile drop method is a static contact angle measurement method where 
liquid droplet is placed on a sample and the contact angle is determined by three 
different surface tensions. When liquid droplet is in contact with a sample, three 
phases are present (solid, liquid, and gas), and droplet contour changes depending on 
the physical and chemical state of the sample (Figure 7.2).     
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Figure 7.2: Sessile drop-contact angle measurement technique. 
The three different surface tensions γsv, γsl, and γlv represents interface of the 
solid/gas, solid/liquid, and liquid/gas, respectively. The contact angle can also be 
determined by Young’s equation: 
 
𝛾𝑠𝑣 = 𝛾𝑠𝑙 + 𝛾𝑙𝑣 cos 𝜃 
 
Contact angles of the hybrid samples were measured on DataPhysics OCA-20 
(Filderstadt, Germany) contact angle goniometer by the sessile drop method. A drop 
(20 μl) of deionised water was placed on the hybrid surface, and contact angles on 
each side were averaged. This test was repeated three times per sample.  
7.2.6 Cell viability test  
The cell viability tests were performed by Dr Siwei Li, and the following protocols 
are given by him.  
7.2.6.1 In vitro cell culture 
Cell culture reagents were purchased from Invitrogen and Sigma-Aldrich UK 
unless specified otherwise. MC3T3-E1 preosteoblast cell line (ATCC, UK) was 
monolayer expanded in T150 flasks in basal media (α-MEM with 10% (v/v) FCS 
(foetal calf serum), 100 unit/ml penicillin and 100 μg/ml streptomycin). Cells were 
incubated at 37°C, 5% CO2 and 21% O2 until confluent before passaging using 500 
μg/ml trypsin-EDTA (ethylene diamine tetra-acetic acid). 
7.2.6.2 Cytotoxicity test 
An MTT cell viability assay was performed in accordance to ISO 10993-5 and ISO 
10993-12 to assess the biocompatibility of the hybrid material. Dissolution products 
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were prepared by incubating 0.2 g/ml sample materials in α-MEM at 37°C over a 72-
hour period. Medical grade polyethylene (PE) and polyurethane (PU) containing 0.1% 
(w/w) zinc diethyldithiocarbamate (ZDEC) were used as non-cytotoxic (negative 
response) and cytotoxic (positive response) reference materials. The dissolution 
products were filter sterilised and, dilution series (25%, 50%, 75% and 100%) with 
additional 10% (v/v) FCS were prepared prior to use in cell viability assays.  
For MTT assay, 1×104 MC3T3-E1 cells per well were seeded on 96-well plates 
and cultured in basal α-MEM for 24 hours until a sub-confluent monolayer was 
formed. Cells were then incubated with fresh basal α-MEM, the dissolution products 
of hybrid material or controls (100 μl/well) for further 24 hours. Following removal 
of media, 50 μl of serum-free MTT solution (1 mg/ml in α-MEM) was added into 
each well and incubated for a period of 2 hours. The MTT solution was removed and 
100 μl DMSO (dimethyl sulfoxide) was added to dissolve the formazan derivatives. 
The optical density values were measured spectrophotometrically at 570 nm using a 
microplate reader (SpectraMax M5). 
7.2.6.3 Cell culture on hybrid disks 
To study cell morphological behaviours, hybrid disks (approximately 5×5×1 mm
3
) 
were synthesised and sterilised with 70% ethanol for 1 minute. Prior to cell seeding, 
each sample was washed with phosphate buffered saline (PBS) and conditioned in 
serum-free α-MEM for 30 minutes.10 μl of MC3T3-Ea cell suspension (1×106 
cells/ml) was seeded onto each hybrid disk and, incubated in standard incubator 
conditions for 2 hours. Each cell-seeded disk was then submerged in fresh basal α-
MEM cultured for further 72 hours. 
7.2.6.4 Immunohistochemistry staining 
Routine immunohistochemical staining was used to label key cytoskeletal proteins 
in cells cultured on hybrid disks. Cell-seeded membranes were fixed with 4% 
paraformaldehyde (PFA) and washed with PBS. In order to detect intracellular 
antigen, permeabalisation of cell membrane was achieved by incubation with buffered 
0.5% Triton X-100 in PBS (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 20 mM 
Hepes and pH 7.2). Epitopes were blocked with 10 mg/ml BSA in PBS and, samples 
were incubated with anti-Vimentin antisera (1:500 dilution in 10 mg/ml BSA in PBS, 
rabbit polyclonal, IgG, Abcam, Cambridge, UK) at 4°C for 1 hour. Samples were 
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washed with 0.5 (v/v) PBS-tween prior to hour-long incubation with Alexa Fluor® 
488-conjugated secondary antibody. Negative controls (omission of the primary 
antisera) were performed in all immunohistochemistry procedures. No staining was 
observed in the samples used as negative controls. 
CytoPainter F-actin staining kit (Abcam, Cambridge, UK) was used to localise F-
actin. In brief, Alexa Fluor® 568-conjugated phalloidin (1:1000 dilution in labelling 
buffer) was added simultaneously with Alexa Fluor® 488-conjugated the secondary 
antibody during the incubation period described above. All samples were counter-
stained with DAPI (0.1μg/ml in PBS). 
7.2.6.5 Confocal microscopy 
Immunostained cells were visualised using a confocal microscopy (Leica SP5 MP 
laser scanning confocal microscope and software, Leica Microsystems, Wetzlar, 
Germany).  
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7.3 Results & discussion 
7.3.1 Polymer 
Poly(BMA-co-TMSPMA) star polymer was successfully synthesised through 
RAFT polymerisation. It will be referred to as Str(B). 
1
H-NMR analysis was used to 
characterize the structure of the star polymer as shown in Figure 7.3. The comparison 
of the peaks at 3.9 ppm (CH2, A, 4 protons) and 0.67 ppm (Si-CH2-, B 2 protons) 
confirmed that the molar ratio was close to our target value of 10% TMSPMA. 
 
  
Figure 7.3: 1H-NMR spectrum of the poly(BMA-co-TMSPMA) star polymer. 
The arm of the Str(B), or Macro RAFT(B), was synthesised as similar method as 
the macro RAFT of the Str(P) from the previous chapter(4 Effects of polymer 
architecture in sol-gel hybrids for bone regeneration). The target MW was 15 kg/mol, 
and the 50% conversion of the 30 kg/mol DP was set to produce a polymer with low 
Đ. The kinetics of both macro RAFT(B) and macro RAFT(P); arm of the Str(P), were 
almost exactly the same. As Figure 7.4 shows, MW and conversion rate of both 
copolymers were almost identical, and both had 15 kg/mol in 50% conversion.  
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Figure 7.4: Đ and Mn vs. conversion kinetics, and ln(Mo/Mt) and conversion vs. time of the macro RAFT (P) 
(from chapter 4), and macro RAFT (B). 
As Table 7.1 shows, Str(B) was synthesised with a similar MWs and Đs to the 
Str(P) which was in the range of the past TMSPMA copolymer synthesis studies 
using RAFT polymerisation (Đ: 1.22~1.49)165,166,167. It also confirmed that the star 
polymer synthesis of macro RAFT:EGDMA:AIBN 8:1:0.3 (molar ratio) was 
consistent, and MWs of the both star polymers increased by 5 fold. 
 
Table 7.1: MWs and Đs of Str(B), its precursor, and Str(P) from chapter 4. 
 
Mn 
(kg/mol) 
Mw 
(kg/mol) 
Đ 
Macro RAFT(B) 12.9 13.9 1.08 
Str(B) 67.4 80.3 1.19 
Str(P) 61.4 74.1 1.21 
 
GPC traces of the Str(B) and its precursor macro RAFT are shown in Figure 7.5. 
As seen in the previous chapters, there was an unreacted macro RAFT peak next to 
the main star polymer peak, which indicated that not all the macro RAFT reacted with 
EGDMA. However, the RI intensity of the unreacted macro RAFT peak was in an 
acceptable level. 
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Figure 7.5: GPC traces of Str(B) and its precursor. 
7.3.2 Hybrid 
Str(B) containing hybrid will be referred to as Str(B70). FTIR was used to confirm 
molecular structure of the hybrid and star polymer. As shown in Figure 7.6, both 
Str(B) and Str(B70) spectra showed similarities to the previous result of Str(P) and 
Str(70). 
 
 
Figure 7.6: FTIR spectra of A) Str(B70), and B) Str(B). 
Poly(BMA-co-TMSPMA) star polymer spectrum showed C=O stretching (1725 
cm
-1
), C-C-O asymmetric stretching (1239 cm
-1
), and C-O-C symmetric stretching 
(1140 cm
-1
) of the ester group from the methacrylate moieties, as well as  Si-O-CH3 
(1070 cm
-1
) and Si-C (790 cm
-1
) vibrations of the TMSPMA alkoxysilane group. For 
the hybrids, stronger absorption bands of the condensed silica network were present, 
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such as Si-O-Si asymmetric stretching (1050, 790 cm
-1
) with Si-OH stretching (945 
cm
-1
) while possessing the methacrylate absorption bands. FTIR confirmed that the 
organic and inorganic sources were both present in the hybrid system. 
TGA and DTG analysis was conducted in the same manner as the previous methyl 
methacrylate based hybrids to confirm the organic to inorganic ratio. As Figure 7.7 
shows, the final mass residual after the thermal degradation was 29.6%, which was an 
acceptable inorganic content.  
 
 
Figure 7.7: TGA and DTG curve of Str(B70). 
In the DTG curve, there were no significant peaks in the lower temperature region 
(<300
o
C), which are representative signs of neat copolymer and weakly inter-
penetrated hybrids. The main thermal degradation peak appeared in a slightly lower 
temperature of ≈300oC compared to 360oC of methyl methacrylate based hybrids 
from the previous chapters. More careful study on the thermal stability properties of 
poly(BMA-co-TMSPMA) and poly(MMA-co-TMSPMA) containing hybrids is 
needed to confirm such result. However, thermal degradation analysis on Str(B70) 
was able to confirm that it was a class II hybrid.  
Str(B70) had different mechanical properties compared to methyl methacrylate 
based hybrids. As a representative stress-strain curve in Figure 7.8 shows, Str(B70) 
was more flexible than other star polymer containing hybrids and yield point was not 
precisely noticeable.  Particularly, Young’s modulus decreased by more than 3 fold 
compared to Str(70) and strain to failure was increased up to 36%. 
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Figure 7.8: Representative compression test curve of 70S30C bioactive glass and star polymer containing 
hybrids. 
The smooth transition from the elastic to the plastic deformation of Str(B70) made 
it difficult to calculate yield stress and strain. As Table 7.2 shows, yield stress 
decreased by more than 2 fold while yield strain was higher than Str(70). Str(B70) 
mechanical properties were within the range of the theoretically calculated trabecular 
bone values (Table 4.4), only E value was borderline.  
 
Table 7.2: Mechanical properties of Str(B70) and Str(70). 
 Yield Stress Yield Strain E 
Ultimate 
Stress 
Strain at 
Failure 
 (MPa) (%) (GPa) (MPa) (%) 
Str(B70) 10±1 6.2±0.8 0.2±0.01 37±6 33±3 
Str(70) 26±3 4.8±1.0 0.6±0.2 69±8 28±1 
 
The MTT assay was performed in accordance to ISO 10993. As shown in Figure 
7.9, Str(B70) was biocompatible. The MC3T3-E1 culture dissolution product viability 
of the hybrid was above 70% to that of the negative control. Also, improvement in 
cell viability was noticed with the dilution of the dissolution products. However, 
MC3T3-E1 preosteoblast cells were not able to adhere on the surface after 72 h of 
culture. Cells are known to not anchor on an elastic and flexible substrate because 
they cannot generate traction forces to assemble cytoskeleton. For example, vascular 
smooth muscle cells remained round, or weakly adhered, on a polyacrylamide gel and 
underwent apoptosis
242
. Although Str(B70) can be considered more flexible than the 
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methyl methacrylate based hybrids from the previous chapters, it should not be in a 
comparable range with polyacrylamide gels. Cells are also known to adhere on 
substrate with mild surface wettability, i.e. intermediate level of hydrophobicity. 
Previous studies have physically modified hydrophobic materials through UV 
irradiation, ion beam, and plasma discharging for tissue engineering 
materials
243,244,245
. The physical modification leads to splitting of chemical bonds 
between carbon and hydrogen, which creates oxygen rich groups and increase surface 
wettability.  
 
 
Figure 7.9: Cell viability test by MTT metabolic activity assay of Str(B70). 
Contact angle measurement was performed to understand the difference in 
hydrophobicity between Str(70) and Str(B70) samples.  The average contact angles 
were 92
o
±1 and 107
o
±5, respectively, and representative image captures are shown in 
Figure 7.10. In general, when a contact angle is larger than 90
o
, the material surface is 
considered hydrophobic. The contact angle measurement of the hybrids were slightly 
lower than their corresponding main polymer content values of 97
o246
 and 115
o247
, 
PMMA and PBMA respectively, which could be from the hydrophilic silica network 
in the hybrid system. Despite the reduced hydrophobicity, Str(B70) was more 
hydrophobic compared to Str(70), and this could be the reason of failing MC3T3-E1 
preosteoblast cell attachment test. The alkyl chain in PBMA is known to rearrange to 
more thermodynamically stable molecular conformation when it is immersed in 
water, because of the elastic nature of the polymer. This conformation change makes 
the chains closer to the interface which increases hydrophobicity
248
. Although, 
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Str(B70) is a hybrid material, mechanical properties in an aqueous environment may 
change.  
 
 
Figure 7.10: Image capture of the contact angle measurement test A) Str(70), and B) Str(B70). 
7.4 Conclusion 
In this study, poly(BMA-co-TMSPMA)-star polymer was successfully synthesised 
and made to class II hybrid through sol-gel processing. As expected, BMA having 
lower Tg compared to MMA, Str(B70) was more elastic compared to Str(70), and it 
was able to meet the criteria for trabecular bone. However, to understand such 
significant change in the mechanical properties, proper Tg measurement is needed for 
both the copolymers and hybrids. Due to the hydrophobic nature of PBMA, MC3T3-
E1 cells were not able to adhere on the hybrid surface regardless of passing the MTT 
assay test. In order to improve upon the cell attachment test, surface modification of 
the hybrid or new copolymer source is required. Introducing more inorganic source 
may also solve the problem, since silica network is hydrophilic and the flexible nature 
of PBMA may resolve the crack formation during the drying stage.  
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8.1 Conclusion  
The primary aim of this study was to develop novel class II hybrids for bone 
regeneration, which fulfils mechanical and biological properties. Hybrids were 
systematically designed through a bottom-up approach. Polymethacrylates were 
selected as an organic source because of their versatile capability of modification, 
self-hardening mechanical properties, and biocompatibility. The brittleness of a sol-
gel glass was improved by covalently bonding polymethacrylates to the silica network 
through TMSPMA.   
Poly(MMA-co-TMSPMA)-SiO2 hybrids have been previously studied in various 
applications including biomaterials. However, there weren’t any hybrids that 
contained well-defined polymers with different architectures. Poly(MMA-co-
TMSPMA) that were synthesised through RAFT polymerisation have proved that 
well-defined polymers allow producing true class II hybrids. The TGA and solid state 
MAS NMR analysis were able to confirm that the hybrids were in one phase, while 
hybrids made with conventional free-radical polymerisation method have shown 
contrasting results from the previous studies by other researchers. Randomly branched 
and star shaped Poly(MMA-co-TMSPMA) have shown that polymer architecture 
does have an impact in hybrid’s mechanical properties. The biocompatibility and cell 
adherence were confirmed positive for the hybrids. However, HCA layer did not fully 
nucleated within two weeks. Practice of controlled polymerisation has proved and 
opened up novel approach to enhance physical properties of hybrids.   
The non-biodegradable nature of polymethacrylates were overcome by substituting 
an enzyme cleavable branching agent to the randomly branched and star shaped 
poly(MMA-co-TMSPMA). The polymer was designed so that the cleaved polymer 
fragments are small enough to filter through glomeruli of kidneys. Biodegradability 
was confirmed by cleaving the polymethacrylates, and the cleaved fragments were 
smaller than the kidney filtration threshold. The hybrids with biodegradable 
polymethacrylates displayed comparable mechanical properties to that of the 
theoretically calculated bulk trabecular bone. However, strain to failure value came up 
short to the standard. Using DSDMA as a branching agent has allowed producing 
potentially biodegradable polymethacrylate-SiO2 class II hybrids. 
To improve flexibility of the polymethacrylate based hybrids, MMA was 
substituted with BMA which has a much lower Tg. Significant changes in the 
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mechanical properties was observed, and it was able to meet all the trabecular bone 
values. Although the hybrid was not cytotoxic, it was too hydrophobic for 
preosteoblas cells to adhere.  
GTP technique was also adopted to synthesize the polymethacrylates. This was the 
first systematic study on polymerizing TMSPMA copolymers, because researchers 
were concerned with alkoxysilane group from TMSPMA reacting with the initiator 
before. All the TMSPMA containing block polymers and poly(TMSPMA) were 
successfully synthesised with Đs lower than 1.1. Star shaped poly(TMSPMA) was 
also successfully synthesised, which gave possibility to produce class II hybrids in 
one-pot synthesis. 
In conclusion, novel class II hybrids with well-defined poly(MMA-co-TMSPMA) 
of different polymer architectures, and star shaped poly(BMA-co-TMSPMA) were 
produced to enhance mechanical properties for bone regeneration. Important findings 
from this study were the effect of polymer architecture and Tg to hybrids’ mechanical 
properties, and GTP of TMSPMA.   
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8.2 Future work 
The studies from this thesis have let to important insights. There still needs to be 
more improvements on the hybrid system, and new approach could produce more 
advance hybrids for bone regeneration. These are the proposed future work: 
 
 The mechanical properties of poly(MMA-co-TMSPMA) and poly(BMA-co-
TMSPMA) containing hybrids have shown that MMA based hybrid is stronger 
while BMA one is more flexible. This insight provides that the hybrids with a 
combination of the two polymers could display synergetic properties, as well as 
reducing hydrophobicity for preosteoblast cells to adhere. Hence, it would be 
interesting to evaluate class II hybrids with a poly(MMA-co-BMA-co-
TMSPMA). In addition, Tg values of these copolymers and hybrids must be 
characterised separately to understand how the organic source affects hybrids. 
 Theoretical bulk trabecular bone mechanical properties were compared to the 
hybrids in this study. However, the hybrids could behave differently when it is 
designed to a scaffold structure with pores with interconnects that resemble 
trabecular bone. Therefore, 3-D printing hybrids will give more information on 
their practical mechanical properties as a bone substitute material. In addition, 
3-D printing could solve the crack formation during the drying stage because 
the structure would have a higher surface area compared to the monolith form. 
This could allow higher inorganic content in the hybrid system, which leads to 
faster HCA nucleating site formation. 
 DSDMA distillation was attempted during this study, but higher temperature 
and pressure lead to self-polymerisation. Therefore, DSDMA was not suitable 
for GTP. Alternative method to purify DSDMA or finding another enzyme 
cleavable branching agent is needed.  
 Investigating polyacrylates for class II hybrid system can enhance physical and 
biological properties of hybrids. Polyacrylates are known to have lower Tg 
compared to polymethacrylates, and they can also be synthesised through RAFT 
or GTP. In addition, carboxylic acid group from acrylic acid can allow ionic 
bonding with calcium ions which will improve bioactivity of hybrids. 3-
(trimethoxysilyl) propyl acrylate is an organo-silicate monomer that is similar to 
TMSPMA which can act as a linker between organic and inorganic phases.
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